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 The Arctic radiation climate is influenced substantially by anthropogenic and 
natural aerosols. There have been numerous studies devoted to understanding the 
radiative impacts of anthropogenic aerosols (e.g. those responsible for producing the 
Arctic haze phenomenon) and natural aerosols (e.g. dust and smoke) on the Arctic 
environment, but volcanic aerosols have received less attention. Volcanic eruptions occur 
frequently in the Arctic and have the capacity to be long duration, high intensity events, 
expelling large amounts of aerosol-sized ash and gases, which form aerosols once in the 
atmosphere. Additionally, volcanic eruptions deposit ash, which can alter the surface 
reflectivity, and remain to influence the radiation balance long after the eruptive plume 
has passed over and dissipated. The goal of this dissertation is to quantify the radiative 
effects of volcanic aerosols in the Arctic caused by volcanic plumes and deposits onto ice 
and snow covered surfaces. 
The shortwave, longwave, and net direct aerosol radiative forcing efficiencies and 
atmospheric heating/cooling rates caused by volcanic aerosol from the 2009 eruption of 
Mt. Redoubt were determined by performing radiative transfer modeling constrained by 
NASA A-Train satellite data. The optical properties of volcanic aerosol were calculated 
by introducing a compositionally resolved microphysical model developed for both ash 
and sulfates. Two compositions of volcanic aerosol were considered in order to examine 
a fresh, ash rich plume and an older, ash poor plume. The results indicate that 
environmental conditions, such as surface albedo and solar zenith angle, can influence the 
sign and the magnitude of the radiative forcing at the top of the atmosphere and at the 
surface. Environmental conditions can also influence the magnitude of the forcing in the 
 xx 
aerosol layer. For instance, a fresh, thin plume with a high solar zenith angle over snow 
cools the surface and warms the top of the atmosphere, but the opposite effect is seen by 
the same layer over ocean. The layer over snow also warms more than the same plume 
over seawater. It was found that plume aging can alter the magnitude of the radiative 
forcing.  For example, an aged plume over snow at a high solar zenith angle would warm 
the top of the atmosphere and layer by less than the fresh plume, while the aged plume 
cools the surface more. These results were compared with those reported for other 
aerosols typical to the Arctic environment (smoke from wildfires, Arctic haze, and dust) 
to demonstrate the importance of volcanic aerosols. It is found that the radiative impacts 
of volcanic aerosol plumes are comparable to those of other aerosol types, and those 
compositions rich in volcanic ash can have greater impacts than other aerosol types. 
 Volcanic ash deposited onto ice and snow in the Arctic has the potential to perturb 
the regional radiation balance by altering the surface reflectivity. The areal extent and 
loading of ash deposits from the 2009 eruption of Mt. Redoubt were assessed using an 
Eulerian volcanic ash transport and dispersion model, Fall3D, combined with satellite 
and deposit observations. Because observations are often limited in remote Arctic 
regions, we devised a novel method for modeling ash deposit loading fields for the entire 
eruption based on best-fit parameters of a well-studied eruptive event. The model results 
were validated against NASA A-train satellite data and field measurements reported by 
the Alaska Volcano Observatory. Overall, good to moderate agreement was found. A 




 was produced, and loadings ranged from 
~7000 ± 3000 gm
-2
 near the vent to <0.1 ± 0.002 gm
-2
 on the outskirts of the deposits.  
Ash loading histories for total deposits showed that fallout ranged from ~5 – 17 hours. 
 xxi 
The deposit loading results suggest that ash from short duration events can produce 
regionally significant deposits hundreds of kilometers from the volcano, with the 
potential of significantly modifying albedo over wide regions of ice and snow covered 
terrain. 
 The solar broadband albedo change, surface radiative forcing, and snowmelt rates 
associated with the ash deposited from the 2009 eruption of Mt. Redoubt were calculated 
using the loadings from Fall3D and the snow, ice, and aerosol radiative models. The 
optical properties of ash were calculated from Mie theory, based on size information 
recovered from the Fall3D model. Two sizes of snow were used in order to simulate a 
young and old snowpack. Deposited ash sizes agree well with field measurements. Only 
aerosol-sized ashes in deposits were considered for radiative modeling, because larger 
particles are minor in abundance and confined to areas very close to the vent. The results 




 ppb, with higher 
values closer to the vent and lowest at the edge of the deposits, and integrated solar 
albedo reductions of ~ 0 – 59% for new snow and ~  0 – 85% for old snow. These albedo 
reductions are much larger than those typical for black carbon, but on the same order of 
magnitude as those reported for volcanic deposits in Antarctica. The daily mean surface 
shortwave forcings associated with ash deposits on snow ranged from 0 – 96 Wm
-2
 from 
the outmost deposits to the vent.  There were no significantly accelerated snowmelts 
calculated for the outskirts of the deposits. However, for areas of higher ash 
loadings/concentrations, daily melt rates are significantly higher (~ 220 – 320%) because 






1.1 Background and motivation 
 
 An important modulator of Arctic radiation climate is the presence of aerosols [Shindell, 
2007], both natural [Myhre et al., 2007; Stone et al., 2007, 2008] and anthropogenic [Ritter et al., 
2005; Quinn et al., 2007, 2008]. Aerosols are solid or liquid particles with diameters ranging 
from a few nanometers up to 100 micrometers, which interact with electromagnetic radiation. 
The radiative impacts aerosols on the Arctic environment are strongly controlled by the 
seasonality of many related factors, such as the amount of incoming solar radiation, surface 
albedo, precipitation, and transport of pollutants [Quinn et al., 2008; Sokolik et al., 2011]. In the 
Arctic, the surface reflectivity and sun angle can vary widely depending on time of year and can 
change the magnitude, and even the sign, of the radiative effects [Stone et al., 2008]. An 
absorbing aerosol such as black carbon over a highly reflective surface tends to reduce the 
amount of solar energy reaching the surface, while leading to warming in the aerosol layer [Stone 
et al., 2008; Shaw and Stamnes, 1980]. Given the high surface albedos common during Arctic 
springtime, even aerosols with a moderate absorbing capability can have this effect [Quinn et al., 
2008]. 
There is a large increase in tropospheric aerosols in the Arctic in late winter and early 
spring each year, which leads to the creation of Arctic haze [Quinn et al., 2008]. These haze-
producing aerosols are associated with pollution and are largely transported from Europe and 
Asia. The composition of the pollution aerosol includes sulfate and nitrate, organic carbon, and 
 2 
soot [Klonecki et al., 2003; Stohl, 2006; Quinn et al., 2008]. Quinn et al. [2008] identified ways 
in which Arctic warming due to the anthropogenic haze might be reduced.  However, the effects 
of natural aerosols, such as smoke, dust, and volcanic aerosol, were not considered by Quinn et 
al. [2008]. There is a strong need to understand the role natural aerosols play in modulating 
Arctic climate. The radiative impacts of smoke [Stone et al., 2008] and dust [Stone et al., 2007] 
have been considered. However, volcanic aerosols continue to be largely overlooked in the 
Arctic environment. Volcanic aerosols may be expected to have a particularly strong influence 
on the regional Arctic climate because of the high sensitivity of the Arctic environment to 
radiative perturbations, as indicated by numerous studies focusing on the aforementioned other 
aerosol types (haze, smoke, and dust). 
Volcanic eruptions frequently disrupt air travel routes and reduce air quality in populated 
areas. Flying through even diffuse volcanic plumes have caused in flight emergencies and 
millions of dollars of damage to aircraft. Volcanic ash can also be harmful to the eyes and lungs. 
Because of the potential dangers of volcanic aerosols to public health and aviation, the radiative 
effects of volcanic aerosols have received less attention and are poorly understood 
[Intergovernmental Panel on Climate Change, 2007].  
Volcanic eruptions are capable of producing a huge, sporadic aerosol signal, lasting 
anywhere from minutes to years [Simkin and Siebert, 1994]. Volcanic aerosols from high 
northern latitude eruptions can cover large areas, as in the recent eruption of Eyjafjallajökull in 
Iceland, which disrupted air travel across Europe. According to the Alaska Volcano Observatory 
(AVO), Alaskan volcanoes alone have had an average eruption frequency of two per year over 
the past 40 years. Depending on the time of year, volcanic aerosol may be present along with 
other aerosol types. Following an eruption in Arctic springtime, dust, haze and volcanic aerosol 
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may all be present. For eruptions in boreal summer, wildfire smoke will be present along with 
volcanic aerosols. In boreal winter, aerosols from a volcanic eruption will be accompanied by 
haze. Despite the high frequencies and intensities of volcanic eruptions, volcanic aerosols in the 
Arctic are relatively neglected in assessments of Arctic aerosol.  
In general, volcanic aerosols are composed of ash and sulfates coated with sulfates, water 
and/or ice [Rose et al., 2004; Prata et al., 2007; Textor et al., 2006; Pueschel et al., 1994]. Ash 
and sulfates are considered the dominant aerosol components of most eruptive plumes [e.g., 
Andersson et al., 2012]. In volcanic eruptions, sulfates are formed from a reaction between 
emitted volcanic sulfur dioxide (SO2) and water. Sulfates may persist in the stratosphere for up to 
three years [Clarisse et al., 2008], causing the stratosphere to warm and the surface to cool 
[Robock, 2000]. Ash is formed through fragmentation processes within the volcanic conduit and 
expelled into the atmosphere during an eruption. Ash can vary greatly in shape, ranging from 
spherical particles to particles with nonsphericities as low as 0.4 [Bonadonna et al., 2012; Alfano 
et al., 2011]. The lifetime of fine ash in the stratosphere is on the order of a few weeks [Neimeier 
et al., 2009]. It is for this reason sulfates are the principal aerosol commonly used to predict the 
global climate perturbation expected from a given eruption [Stenchikov et al., 1998; 
Ramachandran et al., 2000]. However on regional scales, both volcanic ash and sulfate aerosols 
in the troposphere become important. In this case, sulfates and ash have similar residence times, 
on the order of days to weeks [Seinfeld and Pandis, 2006]. Therefore, ash must be considered 
along with sulfate in estimating the regional radiative impact of volcanic aerosol.  
Volcanic aerosols can reflect and absorb shortwave (SW) radiation, and they scatter, 
absorb, and emit radiation in the longwave (LW) part of the spectrum. The interaction of 
volcanic aerosols with electromagnetic radiation can cause warming or cooling of the surface 
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and atmosphere, depending on the reflectivity of the underlying surface, the solar zenith angle 
(SZA), the optical properties of the aerosol layer, the vertical structure of temperature and 
humidity, and cloud characteristics. Ash deposits may lower the albedo of ice and snow covered 
surfaces, which would be expected to perturb the Arctic’s radiation budget and cause early 
snowmelt, analogously to soot deposits [Flanner et al., 2007] and dust deposits [Painter et al., 
2010]. To our knowledge, there have been no assessments of radiative impacts due to volcanic 
ash deposits in the Arctic [Young et al., 2014]. Additionally, ash [Textor et al., 2006; Lathem et 
al., 2011] and sulfates [Boucher and Lohmann, 1995; Liu and Penner, 2002] can serve as cloud 
condensation nuclei and ice nuclei. Thus, volcanic aerosols may have an indirect radiative effect 
by altering the optical properties of clouds [Lohmann et al., 2003, Sokolik et al., 2011]. Ash 
deposited into ocean waters may be a source of limiting nutrients, such as iron, and cause 
increases in marine productivity [Langmann et al., 2010]. Volcanic aerosols increase the amount 
of diffuse radiation at the surface, which will increase the efficiency of photosynthesis [Gu et al., 
2003]. Such changes in the marine and terrestrial biosphere may be expected to effect the CO2 




Figure 1.1: Broad impacts of volcanic aerosols on the Arctic environment  
Volcanoes in the Arctic have been the source of many climatically important eruptions in 
the last several centuries.  The June 1783 eruption of Laki, a volcanic fissure in Iceland, caused a 
drop in global temperatures [Thordarson and Self, 2003], drought and famine [Frogner et al., 
2006]. The June 1912 Novaerupta-Katmai eruption near Kodiak, Alaska, was the most powerful 
eruption of the 20
th
 century [Hildreth and Fierstein, 2012].    Surface cooling was reported 
widely in the Northern Hemisphere throughout the summers of 1912 and 1913, with a maximum 
cooling of –0.9ºC for September 1912 [Hildreth and Fierstein, 2012; Kimball, 1913; Humphreys, 
1913; Griggs, 1922].  
Recent volcanic eruptions in the region include:  Redoubt (Alaska, USA) in March-April 
2009, Sarychev (Russia) in June 2009, Shiveluch (Russia) in September 2009, and 
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Eyjafjallajökull (Iceland) in April-May 2010. During October 2013, there were ~4 volcanoes 
currently erupting and ~10 volcanoes experiencing unrest above 55
o
N 
(www.volcanodiscovery.com). Recent and ongoing eruptions in the Arctic have fortunately been 
small to medium – sized events. Although small to mid-sized volcanic eruptions are less extreme 
events, they occur more frequently and provide a more regular stream of ash and gases to the 
environment than larger eruptions. Neely et al. [2013] found that sulfates from small to mid-sized 
volcanic eruptions have helped to counteract 25% of the warming from anthropogenic sources 
predicted over Asia from 2000 to 2010. 
The impact of volcanic aerosols on the Arctic climate is difficult to assess because of 
their complex nature and limited measurements of physical and chemical properties. 
Determining optical properties for radiative transfer calculations requires information on aerosol 
composition, size distributions, mixing state, shapes, and types of aerosol present. Composition 
must be known in order to determine the spectral refractive index. Particle counters on balloons 
and aircrafts have aided in measuring size distributions of stratospheric sulfuric acid aerosol 
[Jager and Deshler, 2002; Deshler et al., 1992, 1993, 2008; Pueschel et al., 1994]; however, 
these measurements have typically been made several weeks to months after the eruption, which 
does not help to determine the size distributions of “fresh” volcanic sulfate or ash. Therefore, in 
efforts to study the formation and aging process of volcanic sulfates, models have been 
developed to calculate how the size distribution evolves [Stier et al., 2005] and have been 
incorporated into general circulation models [Niemeier et al., 2009]. For volcanic ash, there have 
been few airborne measurements of size distribution, mainly due to the dangers involved in 
making this measurement. Although size distributions have been measured on ashfall samples 
[Munoz et al., 2004; Martin et al., 2009; Riley et al., 2003; Scott and McGimsey, 1994], these 
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values will not be representative of the actual size distribution during an eruption due to sorting 
which occurs during transport in the atmosphere [Rose and Durant, 2009]. As the volcanic 
plume ages, the radiative properties of the plume may be significantly altered by the changing 
size and composition of volcanic aerosols. Thus, it is important to examine how the aging of 
volcanic aerosol affects the radiative impact.  
In addition to SZA, surface albedo, and optical properties of aerosol, there are more 
aerosol layer-specific characteristics that must be known for radiative calculations. For an 
aerosol plume, these are:  aerosol optical depth (AOD), physical thickness, and vertical 
placement of the layer in the atmosphere. Sunphotometers and ground-based lidars can help 
determine AOD, and ground-based lidars can also be used to obtain thickness and vertical 
placement. However, the coverage of ground-based sensors is limited.   
Similar information is needed to calculate the radiative impacts of ash deposited onto ice 
and snow. The model requires solar zenith angle (SZA) and underlying surface reflectance, snow 
layer properties (i.e., snow layer thickness, snow density for each layer, and snow effective 
radius), and impurity properties (i.e., particle mass mixing ratios, effective radius, and refractive 
index).  In the case of calculating radiative impacts for ash deposits, information on ash deposit 
loadings and areal extents also must be ascertained. Ground measurements of ash loadings and 
areal extents are helpful but usually do not map out the entire extent of deposits or provide an 
adequate spatial resolution of samples.  
Due to the limitations in ground-based sensors and field measurements, as well as the 
remote locations of Arctic volcanoes, satellite remote sensing is essential for monitoring aerosol 
from volcanic eruptions. The NASA afternoon satellite constellation A-Train provides a unique 
opportunity to examine eruptions and the evolution of volcanic plumes. The A-Train consists of 
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five polar orbiting satellites flying in close configuration, each equipped with sensors designed 
with varying capabilities, from passive to active sensors, measuring in wavelength ranges from 
the UV to radio. Combining the data retrieved from several sensors allows for an unprecedented 
view of volcanic eruptive plumes [Carn et al., 2009; Thomas et al., 2009].  
The Moderate Resolution Imaging Spectroradiometer (MODIS) instrument flying aboard 
Aqua and Terra satellites, the Ozone Monitoring Instrument (OMI) on the Aura spacecraft, and 
the Cloud-Aerosol with Orthogonal Polarization (CALIOP) aboard the CALIPSO (Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations) platform are sensors capable of 
detecting volcanic aerosols. These sensors are on polar orbiting satellites, which provide 
excellent coverage of the Arctic region, allowing for mapping out the spatial extent of volcanic 
plumes and deposits. The MODIS instrument provides true color images of ash plumes and 
deposits and aerosol optical depth (AOD) of volcanic plumes. The OMI sensor provides a UV 
aerosol index (AI), which can detect the presence of UV absorbing aerosols, such as ash, dust, 
and smoke. CALIPSO provides the vertical plume structure, which is useful in determining the 
placement of the plume in the atmosphere, the plume top height, and the plume thickness. 
However, in the Arctic, environmental conditions, such as meteorological clouds and high 
surface reflectivities, often hamper retrievals for passive instruments measuring in the visible and 
UV, such as MODIS and OMI, and space-based lidars, such as CALIPSO.  
Transport models can aid in providing the quantitative characterization of volcanic 
aerosols and ash deposits. Past studies have used General Circulation Models (GCMs) to 
simulate the transport and deposition of volcanic ash [e.g., Niemeier et al., 2009]. However, the 
source conditions (i.e., distribution of ash in the eruptive column) of volcanic eruptions are not 
treated in GCMs, which handle volcanic eruptions by assigning a flux amount of material into 
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the atmosphere [Kravitz et al., 2011; Robock et al., 2009; Robock et al., 1995]. Neglecting the 
dynamics of the actual explosion will influence regional transport and deposition of ash. Recent 
development of a preprocessing tool has allowed for the computation of initial ash fields from 
source conditions for input into mesoscale atmospheric chemistry models, such as WRF-Chem 
[Stuefer et al., 2013]. Alternatively, volcanic ash transport and dispersion models (VATDMs) 
calculate initial ash fields directly from eruption source input parameters. In addition, VATDMs 
consider a full size spectrum of ash and can include nonspherical ash particles. Due to the 
dangers involved with measuring the size distributions of ash in plumes in situ, the size 
distributions used in VATDMs are measured from deposits in the field. These measurements are 
often depleted in fine ash (aerodynamic diameter < 2.5 µm) because fine particles can be swept 
to great distances from the volcano, where they cannot be collected and measured [Rose and 
Chesner, 1987].  
1.2 Outline of Dissertation 
The goal of this thesis is to perform a satellite and VATDM aided integrated analysis to 
quantify regional direct LW and SW radiative impacts due to volcanic aerosol from a mid-sized 
eruption in the Arctic, using the 2009 eruption of Mt. Redoubt in Alaska, USA as a case study. 
To accomplish this goal, we use satellite observations and the VATDM, Fall 3D model, 
considering a broad range of ash particle sizes. This model is an open source Eulerian ash 
dispersion and transport model, which is widely used by the ash forecasting community [e.g., 
Folch et al., 2009; Costa et al., 2006].  The research presented in this document contains: 
(1)  A range of LW and SW radiative impacts to be expected from eruptive plumes   produced by 
mid-sized Arctic volcanoes. 
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(2)  Areal extents, loadings and spatial temporal gradients of ash deposits loadings produced 
from the 2009 Mt. Redoubt eruption. 
(3)  The radiative impacts of ash deposits from the 2009 eruption of Mt. Redoubt. 
In this thesis, the radiative impacts of plumes and ash deposits from a mid-sized Arctic eruption 
are calculated using the Santa Barbara Disort Atmosperhic Radiative Transfer (SBDART) model 
[Richiazzi et al., 1998] for plumes and the  SNow, ICe, and Aerosol Radiation (SNICAR) model 
[e.g., Flanner and Zender, 2005, 2006; Flanner et al., 2007] for deposits. SBDART is a 1D 
radiative transfer model that solves the radiative transfer equation using the Discrete Ordinate 
Radiative Transfer (DISORT) method for a plane parallel atmosphere. Plume studies often 
neglect the LW radiative effects of aerosols in the Arctic, but unless these are for very small 
aerosols sizes, as in the case of wildfire smoke, the LW radiative effects are not negligible and 
should be considered along with the SW. In Arctic winter and polar nights, LW radiative effects 
will dominate. The SNICAR model uses a two-stream, delta-Eddington approximation, and a 
multi-layer solution from Toon et al. [1989], to solve the plane parallel radiative transfer 
equation for multiple layers in snow. In allowing for multiple layers, the model can address the 
vertical differences in snow and impurity properties. The remainder of this dissertation is 
outlined in Figure 1.2.  
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Figure 1.2: Layout and main goals of dissertation 
Chapter 2 contains assessments of SW, LW, and net direct aerosol radiative forcing 
efficiencies and atmospheric heating/cooling rates caused by volcanic aerosol plumes from the 
2009 eruption of Mt. Redoubt. The SBDART model is constrained by NASA A-Train satellite 
multisensor data. The optical properties of volcanic aerosol are calculated by introducing a 
compositionally resolved microphysical model developed for both ash and sulfates. Two 
compositions of volcanic aerosol are considered in order to examine a fresh, ash rich plume and 
an older, ash poor plume. Radiative impacts of volcanic aerosols are then compared to those of 
other aerosol types typical to the Arctic region (smoke, dust, and haze). 
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 Chapter 3 characterizes loading fields of ash deposits from the 2009 eruption of Mt. 
Redoubt. In particular, this study investigates the loading fields and spatial/temporal loading 
gradients for each deposition event, as well as the spatial variability of uncertainties in model 
loading. The approach utilizes the capabilities of a VATDM (Fall3D) to track transport and 
deposition of ash, as well as obtain ash deposit loadings, AOD fields within plumes, and areal 
extents of deposits and plumes. The model data were validated against NASA A-train satellite 
data and field measurements reported by the AVO. 
 Chapter 4 utilizes deposit information from Chapter 3 to model radiative impacts due to 
volcanic ash deposits from the 2009 eruption of Mt. Redoubt. The study uses a Fall3D to 
investigate the size distributions of ash deposits for optical calculations of ash. Deposit 
information is used in the SNICAR model to calculate a range of surface albedo change and 
radiative forcing due to ash deposition that can be expected from a mid-sized volcanic eruption. 
The hydrological importance of this eruption is assessed through making estimates of snowmelt 
amounts. A comparison between the calculated surface albedo change and radiative forcing to 
other depositional events associated with different aerosol types is made. Lastly, Chapter 5 
summarizes the main results of this dissertation and discusses this work into the broader context 
of the field. The areas in which further research is needed are then discussed. 
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CHAPTER 2 
REGIONAL RADIATIVE IMPACT OF VOLCANIC AEROSOL FROM THE 2009 
ERUPTION OF MT. REDOUBT 
 
The work presented in this chapter is published in Atmospheric Chemistry and Physics 
 [Young et al., 2012] 
2.1 Introduction 
Mt. Redoubt is a stratovolcano located in Alaska, USA. Rising to an elevation of 3108 
m (10197 ft), Redoubt is the second tallest volcano in the Aleutian Range. Redoubt has been 
active five times since 1900, with the most recent eruptions occurring in 1989 and 2009. The 
last period of explosive eruptions began on March 23 2009 and lasted through April 4 2009. 
Eruptive plumes reached into the stratosphere on several occasions, reduced air quality and 
posed a threat to aviation [Carlile and Nelson, 2009; Coombs and Schaefer, personal 
communication, 2011]. However, little attention has been given to the regional radiative 
impact of volcanic aerosols. Here, we use the 2009 eruption of Redoubt as an opportunity to 
assess a range of the radiative impacts that may be expected from high northern latitude 
eruptions. 
The primary mechanism by which volcanic eruptions alter the Earth’s climate is 
through the formation of sulfate aerosols. Sulfates may persist in the stratosphere for up to 
three years [Clarisse et al., 2008], causing the stratosphere to warm and the surface to cool 
[Robock, 2000]. Ash expelled by volcanic eruptions can also interact with electromagnetic 
radiation, but the lifetime of fine ash in the stratosphere is only on the order of a few weeks 
[Neimeier et al., 2009]. It is for this reason sulfates are the principal aerosol commonly used 
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to predict the global climate perturbation expected from a given eruption [Stenchikov et al., 
1998; Ramachandran et al., 2000]. However on regional scales, both volcanic ash and sulfate 
aerosols in the troposphere become important. In this case, sulfates and ash have similar 
residence times, on the order of days to weeks. Therefore, ash particles must be considered 
along with sulfate aerosol in estimating the regional radiative impact, as well as specific 
environmental conditions including surface albedo, solar zenith angle (SZA), regional 
weather, and other aerosol types present in the region.  
Volcanic aerosols may be expected to have a particularly strong influence on the 
regional Arctic climate because of the high sensitivity of the Arctic environment to radiative 
perturbations, as indicated by numerous studies focusing on other aerosol types, both natural 
[Myhre et al., 2007; Stone et al., 2007, 2008] and anthropogenic [Ritter et al., 2005; Quinn et 
al., 2007, 2008]. The resulting forcing aerosols will have on the Arctic environment is 
strongly controlled by the seasonality of many related factors, such as the amount of incoming 
solar radiation, surface albedo, precipitation, and transport of pollutants [Quinn et al., 2008; 
Sokolik et al., 2011]. There is a large increase in tropospheric aerosols in the Arctic in late 
winter and early spring each year, which leads to the creation of Arctic haze [Quinn et al., 
2008]. The haze-producing emissions are largely from Europe and Asia and consist of sulfate 
and nitrate aerosols, organic carbon, and soot [Klonecki et al., 2003; Stohl, 2006; Quinn et al., 
2008]. The importance of surface albedo has been investigated, and in general, an absorbing 
aerosol (i.e., smoke) over a highly reflective surface tends to reduce the amount of solar 
energy reaching the surface, while leading to warming in the aerosol layer [Stone et al., 2008; 
Shaw and Stamnes, 1980]. Given the high surface albedos common during Arctic springtime, 
even aerosols with a moderate absorbing capability can have this effect [Quinn et al., 2008]. 
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However, the effects of natural aerosols, such as volcanic aerosol, were not considered by 
Quinn et al. [2008] in making recommendations to mitigate Arctic warming due to 
anthropogenic aerosols.  
The impact of volcanic aerosols on the Arctic climate is difficult to assess because of 
their complex nature and limited measurements of physical and chemical properties. 
Additional complexity comes from seasonal variations that dramatically alter the amount of 
incoming solar radiation and surface reflectivity. Additionally, volcanic aerosol may have an 
indirect effect on clouds [Lohmann et al., 2003, Sokolik et al., 2011]. It is also possible that 
ash deposits may lower the albedo of ice and snow covered surfaces, which would be 
expected to perturb the Arctic’s radiation budget just as soot deposits [Flanner et al., 2007] 
and dust deposits [Painter et al., 2010] have been shown to do.  
Performing optical and radiative transfer calculations requires information on aerosol 
composition, size distributions, and types of aerosol present. Composition must be known in 
order to determine the spectral refractive index. Satellite data has been employed to determine 
size distributions of sulfates after eruptions [Stenchikov et al., 1998; Ramachandran et al., 
2000]. Particle counter measurements on balloons and aircraft have aided in calculating size 
distributions of stratospheric sulfuric acid aerosol [Jager and Deshler, 2002; Deshler et al., 
1992, 1993; Deshler, 2008; Pueschel et al., 1994]; however, these measurements have 
typically been made several weeks to months after the eruption, which does not help to 
determine the size distributions of “fresh” volcanic sulfate or ash. Therefore, in efforts to 
study the formation and aging process of volcanic sulfates, models have been developed to 
calculate how the size distribution evolves [Stier et al., 2005] and have been incorporated into 
general circulation models [Niemeier et al., 2009]. For volcanic ash, there have been few 
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airborne measurements of size distribution, mainly due to the dangers involved in making this 
measurement. Although size distributions have been measured on ashfall samples [Munoz et 
al., 2004; Martin et al., 2009; Riley et al., 2003; Scott and McGimsey, 1994], these values will 
not be representative of the actual size distribution during an eruption due to sorting which 
occurs during transport in the atmosphere [Rose and Durant, 2009]. As the volcanic plume 
ages, the radiative properties of the plume are significantly altered by the changing size and 
composition of volcanic aerosols. Thus, it is important to examine how the aging of volcanic 
aerosol affects the radiative impact.  
The goal of this study is to assess the range of regional radiative impact of volcanic 
aerosol from the 2009 eruption of Mt. Redoubt using satellite data and a radiative transfer 
model. We examine both the longwave (LW) and shortwave (SW) components of the direct 
radiative forcing at the top of the atmosphere (TOA) and at the surface, and SW and LW 
atmospheric heating/cooling rates. This work employs a satellite multiple sensor approach to 
constrain the transport, areal and vertical extent, and characteristics of volcanic plumes. The 
organization of the paper is as follows. Section 2 presents the data used in this study and 
introduces a methodology to create a compositionally resolved microphysical model for 
volcanic aerosols. The size distributions and refractive indices selected for optical calculations 
are discussed, as well as the satellite data products utilized in the radiative transfer model. 
Section 3 discusses results of direct aerosol radiative forcing efficiencies (DARFEs) and 
atmospheric heating/cooling rate profiles in terms of sensitivity to plume-specific and 
environmental input parameters for the Arctic region. Section 4 summarizes the important 
findings of this study and makes recommendations for future research. 
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2.2 Data and methodology 
Our approach uses satellite data in conjunction with the HYbrid Single-Particle 
Lagrangian Integrated Trajectory (HYSPLIT) transport model for volcanic ash to constrain a 
radiative transfer model. The HYSPLIT computes the dispersion and transport of an evenly 
distributed vertical column of ash with a given size distribution placed directly over the 
volcano summit [Draxler and Rolph, 2011; Rolph, 2011]. The following parameters are 
needed to run the model: volcano latitude and longitude, volcano summit height, eruption date 
and time, eruption duration, and ash column height. In this study the HYSPLIT model was run 
for selected eruptions in order to provide supporting evidence that the aerosol plumes detected 
by satellites are indeed volcanic in origin.  
2.2.1 Satellite data  
The NASA A-Train satellite constellation provides the unique capability of passive 
and active collocated satellite sensors to study volcanic eruptions [Carn et al., 2009; Thomas 
et al., 2009]. The CALIOP lidar flies aboard the CALIPSO (Cloud-Aerosol Lidar and Infrared 
Pathfinder Satellite Observations) platform and measures backscatter at 532 and 1064 nm. 
Past studies have successfully employed CALIPSO to investigate the vertical structure of 
volcanic plumes [Thomason and Pitts, 2008; Yuan et al., 2011]. Vertical profiles are useful in 
determining the position of the plume within the atmosphere, as well as plume top heights and 
thicknesses. Vertical profiles of aerosol were obtained from CALIPSO version 3.01 data. The 
sensors OMI and MODIS have greater spatial coverage and were used both to identify and 
track the plumes and to validate some of the products retrieved from CALIPSO.  
The OMI instrument on the Aura spacecraft has an ultraviolet – visible spectral range 
of 0.27-0.50 μm and provides the UV aerosol index (AI) [Torres et al., 2007]. The AI is a 
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semi-quantitative indicator of the presence of UV-absorbing aerosols, such as volcanic ash, 
smoke, and dust. It is important to note that sulfate aerosols do not absorb UV radiation and 
will have negative values of AI, in contrast to UV-absorbing aerosols which have positive AI 
values. 
The MODIS sensor flies on both the Terra and Aqua satellites. In this study, we 
employed true color MODIS images, aerosol optical depth (AOD) at 550 nm, and aerosol fine 
mode fraction products. The MODIS level 3 Collection 5 AODs were used to constrain the 
areal extent of volcanic plumes and determine a range of AODs for calculation of the radiative 
forcing. Fine mode fraction is the ratio of small mode optical depth to the total AOD [Remer 
et al., 2005]. We used MODIS level 2 Collection 5 fine mode fraction to determine 
approximate proportions of fine and coarse particles present in a plume.  
2.2.2 Aerosol microphysical model  
The optical properties of volcanic aerosol were determined through the development 
of a compositionally resolved microphysical model. In general, volcanic aerosols may be 
composed of ash, sulfates, hydrometeors, and ash particles coated with sulfates, water, and/or 
ice [Rose et al., 2004; Prata et al., 2007; Textor et al., 2006; Pueschel et al., 1994]. Here, we 
considered only ash and sulfate, both of which have distinct size distributions and spectral 
refractive indices. We incorporated representative size distributions and refractive indices for 
ash and sulfate using data reported in the literature, as well as a range of realistic ratios of fine 
to coarse modes and ash to sulfate deduced from satellite data [Kearney and Watson 2009; 
Niemeier et al., 2009; Pollack et al., 1973; Spinetti et al., 2008; Stenchikov et al., 1998]. A 
summary of the considered cases is presented in Table 2.1. 
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Table 2.1:  Input parameters for SBDART. Sulfate size distribution was held constant at an 
effective radius of 0.5 µm and σ of 0.5 [Kearney and Watson, 2009]. For ash, σ is set to 0.59 and 
held constant for all simulations [Niemeier et al., 2009]. Refractive indices for sulfate from 
OPAC were used for 70% sulfate solution. For ash, refractive indices of andesite from Pollack et 
al. [1973] were used. 
a
 indicates values used for the April 2 case study. 
b
 indicates values used in 
sensitivity study. For both plumes, aerosol optical depth was distributed uniformly within the 
layer. 
 
Model Parameter Input Source of input 
Vertical placement and 
physical thickness of the 
aerosol layer 
2.5 to 7 km 
a
    
3 to 20 km 
b


















Surface albedo Seawater (0.041 at 550 nm) 
Snow (0.973 at 550 nm) 
SBDART 
Solar zenith angle 55° – 75° Realistic sun angles 
Range of ash to sulfate 
ratio 
9:1 to 1:9 MODIS fine mode 
fraction 
Reff of ash 1.5 – 5 µm Spinetti et al., 2008 
 
We used lognormal particle size distributions for both ash and sulfate in the following 
form [Kearney and Watson, 2009]: 
       
 
    
 
 
          
                      (2.1) 
where nc is the particle number concentration, r is the particle radius, and σ is the variance of 
the size distribution, or the log of the standard deviation: 
µ = (ln Reff)  – 2.5σ
2
 ,                                                                                (2.2) 
where Reff is the effective radius. 
We assume that sulfate occurs only in the fine mode, but ash can exist in both coarse 
and fine modes. To simulate fresh sulfate aerosol in a young volcanic plume, an effective 
radius of 0.5 µm and σ of 0.5 were used [Kearney and Watson 2009]. The size distribution of 
sulfate was held constant in order to study the effects of ash fallout. For ash, σ was set to 0.59 
and held constant for all simulations, as in Niemeier et al. [2009]. Effective radius for ash was 
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allowed to vary from 5 µm to 1.5 µm, according to satellite retrievals of effective radii of ash 
in an aging plume reported by Spinetti et al. [2008]. It should be noted that these previous 
studies do not include a truly “fine” ash portion (aerodynamic diameter < 2.5 μm), and 
therefore we only considered ash in the coarse mode. 
Refractive indices for both SW (0.3 – 4 µm) and LW (4 – 20 µm) spectral regions for 
ash and sulfate were taken from the literature. The Optical Properties of Aerosols and Clouds 
(OPAC) data were used for 70% sulfuric acid solution [Hess et al., 1998] to represent sulfate 
aerosol. For ash, refractive indices of andesite from Pollack et al. [1973] were used. Sulfuric 
acid solutions around 70% are commonly chosen for radiative transfer modeling of volcanic 
aerosol and are valid for most situations [e.g., Stenchikov et al., 1998]. However, 
measurements of temperature and relative humidity in the Arctic suggest that the sulfuric acid 
solution can be as low as 40-50% [Yue et al., 1994; Russell et al., 1996; Lambert et al., 1997]. 
These measurements are based on temperature and relative humidity of ambient Arctic air. 
Temperatures and relative humidities in a fresh volcanic plume are much higher, as magmatic 
volatiles in arc volcanoes are water rich [Williams and McNutt, 2005]. Therefore, we felt the 
70% sulfuric acid solution was more realistic for a fresh volcanic plume than the lower values 
occurring in Arctic environments.  
Ratios of fine and coarse mode aerosols were constrained with MODIS fine mode 
fraction retrievals. For the purposes of our study, the fine mode fraction represents the particle 
number proportion of sulfate present in an externally mixed aerosol mixture containing ash 
and sulfate. In order to realistically bracket the range of radiative forcing associated with ash 
fallout as a plume ages, an ash rich mixture (containing smaller fractions of sulfate and larger 
proportions of ash) was used as a proxy for a fresh plume, and a sulfate rich mixture 
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(consisting of higher proportions of sulfate and a smaller ash fraction) was chosen to simulate 
a more evolved, aged plume. 
2.2.3   Radiation transfer calculations 
The 1D radiative transfer model used in this study is a modified version of the Santa 
Barbara Disort Atmospheric Radiative Transfer (SBDART) model. SBDART solves the 
radiative transfer equation using the Discrete Ordinate Radiative Transfer (DISORT) method 
for a plane parallel atmosphere [Ricchiazzi et al., 1998]. The online version of SBDART is 
available at http://paulschou.com/tools/sbdart/.  The model takes into account gaseous 
absorption and absorption and multiple scattering by aerosols. The model was modified to 
incorporate a user defined aerosol layer and the aerosol optical characteristics computed in 
this study. A spectral resolution of 5 nm for the SW and 20 cm
-1
 for the LW was used in 
modeling the upward and downward radiative fluxes. The subarctic winter standard 
atmospheric model [McClatchey et al., 1972] was used in radiative transfer calculations over 
seawater and snow surfaces with solar zenith angle (SZA) ranging from 55° to 75°. The 
spectral surface albedo for water and snow are from Viollier [1980] and Wiscombe and 
Warren [1980], respectively. 
Net fluxes for both the SW and LW components at the top-of-the-atmosphere (TOA) 
and at the surface were computed by subtracting the upward flux from the downward flux:  
Fnet = Fdown – Fup             (2.3)  
 The total net flux at TOA and at the surface were then calculated by adding the respective 
SW and LW net fluxes  
Fnet total= Fnet, SW + Fnet, LW   (2.4) 
Atmospheric heating rates in units of K day 
-1
 were calculated as follows: 
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dT / dt  = - (1 / cp ρ) ( dFnet / dz ) ,                                                          (2.5) 




), and ρ is the air 
density of the aerosol layer. The change in net flux with respect to altitude is represented by 
dFnet / dz. We also computed and analyzed the direct aerosol radiative forcing, DARF, and 
direct aerosol radiative forcing efficiency, DARFE. The latter is defined as the change in the 
net flux with respect to the change in AOD (550 nm):   
DARFE = ΔFnet / ΔAOD(550 nm)                                         (2.6) 
To calculate DARFE for an aerosol layer, the surface DARFE was subtracted from the 
DARFE at TOA:  
DARFEatm = DARFETOA – DARFEsurface      (2.7) 
For each study case, we computed DARFETOA, DARFEsurface, and DARFEatm for SW, LW, and 
net forcing. The units of DARF are Wm
-2




. The definition of 
DARFE used in our study is similar to that of Stone et al. [2008] to facilitate the comparison 
with results for other aerosol types.  
2.3 Results and Discussion 
2.3.1   Optical properties of volcanic aerosol 
Based on satellite data analyses (see section 2.3.2), two externally mixed aerosol 
mixtures with varying proportions of ash and sulfate were selected to simulate plume aging. 
The refractive indices for sulfate and andesite are shown in Fig. 2.1a.   
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Figure 2.1: (a) Spectral dependence of refractive indices of ash and sulfate. (b) Concentration 
normalized extinction coefficients (Ke) versus wavelength for an ash rich mixture containing 
an ash to sulfate ratio of 9 to 1 and an effective radius for ash Reff =5 µm compared to andesite 
with Reff =5 µm (right axis) and for a sulfate rich mixture containing an ash to sulfate ratio of 
1 to 9 and an effective radius for ash Reff =1.5 µm compared to sulfate with Reff =0.5 µm (left 
axis). (c) Single scattering albedo (ω0) versus wavelength for an ash rich mixture containing 
an ash to sulfate ratio of 9 to 1 and Reff =5 µm and a sulfate rich mixture containing an ash to 
sulfate ratio of 1 to 9 and Reff =1.5 µm. 
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The normalized extinction coefficients, Ke, for the two aerosol mixtures and their sulfate and 
andesite constituents are shown in Fig. 2.1b as a function of wavelength. The normalized 
extinction coefficient is a measure of scattered and absorbed radiation by particles per unit 
concentration. Andesite absorbs and scatters both SW and LW radiation. The ash rich mixture 
is dominated by andesite ash. Sulfate scatters SW radiation and absorbs LW radiation, with 
negligible scattering in the LW because of small particle size. It is clear from Fig. 2.1b that 
the ash rich mixture resembles that of pure andesite, and the sulfate rich mixture more closely 
resembles that of sulfate. It is also apparent from Fig. 2.1b that the extinction coefficient per 
unit concentration is larger for both pure andesite and the ash dominated mixture at all 
wavelengths.  
Figure 2.1c shows the single scattering albedo, 0, for both aerosol compositions. The 
single scattering albedo is the fraction of photons that would be scattered by aerosols. In the 
SW, the ash rich mixture absorbs light more effectively than the sulfate rich one until about 
2.5 µm. At longer wavelengths, the ash rich mixture scatters radiation better than the sulfate 
dominated composition. 
2.3.2 Satellite data analysis to constrain a radiative transfer model   
The study cases presented here were selected by performing an integrated analysis of 
satellite data for the entire period of explosive volcano activity between March 22 and April 4. 









W. A large collection region was needed to obtain a 
sufficient amount of data, because of CALIPSO’s narrow swath. Therefore, it was expected if 
CALIPSO were to detect a plume, it would be after transport had carried it some distance 
from the source. Only data that showed clear detection of an aerosol plume with well-
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developed vertical structure in CALIPSO’s vertical cloud feature mask were selected. Aerosol 
index and SO2 measurements from OMI and AOD from MODIS were then used to determine 
the likely source region of the detected aerosol plume and to provide evidence that it was 
volcanic in origin.  
The 1724 UTC eruption on March 26 and the 1358 and 1416 UTC eruptions on April 
4 were among the most violent eruptions, spewing ash well into the stratosphere [Carlile and 
Nelson, 2009; Coombs and Schaefer, 2011]. MODIS (Fig. 2.2) and OMI AI (Fig. 2.3) help 
confirm the presence of ash in these plumes, as well as provide insight into the overall 
transport of aerosol.  
 
Figure 2.2:  Aqua MODIS true color images on (a) March 26 at 22:40 UTC and (b) April 2 at 





Figure 2.3:  OMI AI for (a) March 26 and (b) April 4. The location of Mt. Redoubt is marked 
by a star. 
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The plume detected on April 4 (Fig. 2.2b and 2.3b) appears to be moving southeast of the 
volcano, over the Gulf of Alaska. However, the plume from March 26 (Fig. 2.2a and 2.3a) 
appears to be transporting ash both north of the volcano over Alaska, and southeast of the 
volcano. The transport of plumes on March 26 and April 4 over both seawater and snow 
surfaces illustrates the need for assessing the radiative forcing for different surface albedos.  
However, CALIPSO data on March 26 and April 4 is not available due to the 
extensive cloud cover present during much of March and early April. After examining 
satellite data for the entire span of the explosive eruptions within the domain chosen, it was 
determined that the best data available were obtained for a plume detected on April 2. The 
aerosol profiles from CALIPSO reveal that the plume is completely contained in the 
troposphere and extends from ~ 2.5 – 7 km (Fig. 2.4a).  
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Figure 2.4:  (a)Vertical feature mask from CALIPSO between 11:31 UTC and 11:45 UTC on 
April 2. The plume of interest is circled. (b) MODIS AOD(550 nm) daily mean for April 2. 
Mt. Redoubt is marked with a star. CALIPSO path is shown with a line. (c) Same as (b), 
except for OMI AI. (d) Transport of ash plume (shown in pink) from the April 2 eruption as 
predicted by the HYSPLIT model. Eruption duration of 12 hours and an ash column height of 
4.6 km were used. 
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The plume thickness obtained from CALIPSO (Fig. 2.4a), together with total column AODs 
from MODIS, which range from 0.18 to 0.58 (Fig. 2.4b), suggest that this plume is 
moderately thin. Out of 22 CALIPSO overpasses in the selected domain, only the aerosol 
profile detected on April 2 clearly displays a well-defined vertical volcanic aerosol structure 
(Fig. 2.4a). In the absence of true color images on this day, the other sensors employed in this 
study, along with HYSPLIT, can confirm the volcanic origin of aerosol detected by 
CALIPSO. Both MODIS (Fig. 2.4b) and OMI (Fig. 2.4c) were able to detect volcanic aerosol, 
which appears to be traveling southeast of the volcano. On April 2, there were intermittent 
low level emissions throughout the day, according to plume heights compiled by the Alaska 
Volcano Observatory (AVO) from ground based radar estimates [Carlile and Nelson, 2009]. 
The HYSPLIT model predicts that ash from a low level eruption travels to the southeast of the 
volcano (Fig. 2.4d). Combined evidence from MODIS, OMI, and HYSPLIT confirms that the 
aerosol plume detected by CALIPSO is dominated by volcanic aerosols and that it has been 
carried away from its source.  
  For Mie calculations to determine optical properties of aerosol, it is essential to know 
if both ash and sulfate are present and proportions of ash to sulfate. Nonsphericity was 
detected in the April 2 plume using particle depolarization ratios from CALIPSO. Fragmented 
ash particles are expected to register nonspherical. The OMI AI image (Fig. 2.4c) also 
supports the presence of UV-absorbing aerosol, such as volcanic ash. The presence of ash or 
sulfate cannot be determined by MODIS AOD (550nm), because it detects both types of 
volcanic aerosol. However, proportions of fine and coarse mode aerosol can be constrained by 




Figure 2.5:  Terra MODIS fine mode fraction AOD on April 2 at 20:55 UTC. Mt. Redoubt is 
marked by a star. 
 
In order to conservatively bracket the range of radiative forcing possible from this eruption, 
two volcanic aerosol compositions are considered, based on the highest and lowest values in 
the MODIS fine mode fraction (Fig. 2.5). The first composition was built to simulate a young, 
ash rich plume with an ash to sulfate ratio of 9 to 1, while the other composition represents an 
older, ash poor plume having an ash to sulfate ratio of 1 to 9.  
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However, the April 2 case study alone does not allow us to comprehensively assess the 
full range of radiative effects possible from this eruption. In order to better examine the role of 
vertical structure, we constructed a profile for a thick, optically opaque plume, forming 
directly over the volcano based on both the largest value of AOD and the maximum height for 
plumes detected throughout the course of the eruptions. The highest MODIS daily average 
AOD occurred on March 27, and values of MODIS AOD chosen ranged from 1 to 3 (Fig. 
2.6). 
 
Figure 2.6:  MODIS AOD(550 nm) daily average for March 27. These AOD values were the 
highest over the entire course of the explosive eruptions, due to aerosol produced by the very 
powerful eruption at 17:24 UTC on March 26 and the eruptions that followed on March 27. 
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The tallest plume height was produced by the 17:24 UTC eruption on March 26, reaching ~20 
km [Carlile and Nelson, 2009; Coombs and Schaefer, personal communication, 2011]. The 
same aerosol compositions introduced for the plume detected on April 2 were used in this 
vertical structure in order to simulate plume aging. 
2.3.3 The effect of volcanic aerosols on the Arctic radiation balance 
We first consider the April 2 case and then examine the extent of the radiative effects 
by introducing a plume with a different vertical structure that was described in Section 3.2. 
Radiative forcings and heating/cooling rates were computed for the two plumes as they age 
and for a range of SZAs and surface albedos. Comparisons between the two plume profiles 
aid in determining the sensitivity of the radiative impact to plume structure and aerosol 
loading. Model input is summarized in Table 2.1.  
2.3.3.1 Case study of volcanic plume detected on April 2 
The plume detected on April 2, 2009 was an optically thin volcanic aerosol plume, 
stretching from 2.5 to 7 km in altitude and having a total column AOD at 550 nm ranging 
from 0.18 to 0.58. We use this case study to investigate the nature of volcanic aerosol and 
how plume aging and environmental parameters, such as surface albedo and SZA, influence 
the extent of the radiative impact. This is done for both SW and LW components. For a given 
set of environmental conditions, the effect of plume aging alone is to control the magnitudes 
of the radiative impact. Figure 2.7 displays the relationship between the net SW flux and AOD 
(550 nm) at the surface and TOA at SZA=55
o
. Over both seawater and snow surfaces and for 
each AOD, the TOA net SW flux is greater for an ash rich plume than for a plume consisting 
primarily of sulfate (Fig. 2.7).  
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Figure 2.7:  The relationship between net shortwave flux and AOD(550 nm) at an AOD range 
of 0.18 - 0.58 for two aerosol mixtures at the TOA and surface over seawater (top panel) and 




 regressions for all lines are greater than 
0.99. 
 
As shown in Fig. 2.1, the reason for this is that the sulfate rich mixture scatters SW radiation 
more efficiently than does the volcanic aerosol enriched in ash. Conversely, over both types of 
surfaces for each measured AOD, the net flux at the surface is less for an ash rich plume than 
for a plume dominated by sulfate. Due to more SW radiation being scattered by a sulfate rich 
plume, a smaller downward SW flux at the surface is to be expected, producing a lesser net 
flux at the surface than for an ash rich plume.  
Figure 2.8a illustrates how aerosol composition and AOD affect the distribution of 
radiation in the atmosphere.  
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Figure 2.8:  (a) The effect of aerosol composition and AOD(550 nm) of a thin plume (~2.5 – 7 
km) on SW heating rate. SZA = 55
o
 and surface type is seawater for all cases. (b) The effect 
of aerosol composition of a thin plume (~2.5 – 7 km) and surface type on SW heating rate. 
SZA = 55
o
 and AOD(550 nm) = 0.58 for all cases. (c) The effect of aerosol composition of a 
thin plume (~2.5 – 7 km) and solar zenith angle (SZA) on SW atmospheric heating rate. The 
AOD(550 nm) = 0.58 and the surface type is seawater for all cases. 
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Ash rich mixtures lead to more heating in the layer and cooling at the surface, as do larger 
values of AOD. Compositions rich in ash warm more in the layer and cool more at the surface 
due to the ability of ash to absorb SW radiation. It is for this reason a volcanic layer 
containing ash will produce a more positive SW DARFEatm, contributing to warming, and a 
more negative SW DARFEsurface, contributing to cooling (Table 2.2).  



















ash rich SW 55
o
 seawater -65.7 -194.4 128.7 
ash rich SW 75
o
 seawater -64.0 -131.9 67.9 
ash rich SW 55
o
 snow  151.0 -41.4 192.4 
ash rich SW 75
o
 snow  55.3 -28.2 83.5 
sulfate rich SW 55
o
 seawater -98.1 -123.8 25.7 
sulfate rich SW 75
o
 seawater -90.6 -95.3 4.7 
sulfate rich SW 55
o
 snow  18.7 -18.8 37.5 
sulfate rich SW 75
o
 snow  -11.3 -18.3 7.0 
ash rich Total 55
o
 seawater -46.2 -155.3 109.1 
ash rich Total 75
o
 seawater -44.5 -92.8 48.3 
ash rich Total 55
o
 snow  170.5 -2.3 172.8 
ash rich Total 75
o
 snow  74.7 10.9 63.8 
sulfate rich Total 55
o
 seawater -91.8 -110.1 18.4 
sulfate rich Total 75
o
 seawater -84.3 -81.7 -2.6 
sulfate rich Total 55
o
 snow  25.0 -5.2 30.2 
sulfate rich Total 75
o
 snow  -5.0 -4.6 -0.3 
 
However, the extent of warming in the layer and cooling at the surface in the SW not only 
depends on AOD and the relative age of volcanic aerosol, but also on surface albedo and 
SZA. 
The surface albedo of the Arctic region in late winter or early springtime ranges from 
optically black seawater surfaces to highly reflective snow and ice surfaces. For both 
compositions of volcanic aerosol, surface and TOA net SW fluxes over snow are less than 
surface and TOA net fluxes over seawater (Fig. 2. 7). This is because the higher reflectivity of 
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snow causes the upward flux both at the surface and TOA to be greater, leading to smaller net 
fluxes. The TOA net fluxes for both compositions of volcanic aerosol increase with increasing 
AOD over snow and decrease with increasing AOD over seawater. This generally leads to 
positive DARFETOA over snow and negative DARFETOA over seawater for both volcanic 
compositions (Table 2.2). This tendency is due to multiple scattering between the surface and 
the volcanic layer over snow when AOD is increased. The exception to this rule, however, is 
the case of a sulfate rich plume over seawater at low SZA. In this case, DARFETOA is negative 
because the effect of multiple scattering is drowned out by opposing effects of the 
composition and SZA.  
The effect of multiple scattering over highly reflective surfaces on heating rates can be 
observed in Fig. 2.8b. A volcanic layer over snow will absorb more SW radiation due to 
multiple scattering, warming more in the atmosphere than the same layer over seawater. For a 
more absorbing aerosol type, such as one comprised mostly of ash, this effect is even more 
pronounced.  
In the Arctic, the changing of seasons brings dramatic shifts of incoming SW 
radiation. In the summer, the sun never sets, and in winter, the region is in perpetual darkness. 
Here, DARFE is computed for the highest SZA for a day in mid March (55
o
) and a lower SZA 
chosen to represent a middle point between the highest and lowest daily sun angles (75
o
). A 
high sun (SZA = 55
o
) leads to a larger downward SW flux at TOA. Figure 2.8c illustrates well 
that when more radiation is entering the system, the heating within the atmosphere is 
enhanced, especially for a volcanic layer containing larger proportions of absorbing ash. The 
effect of a low sun (SZA = 75
o
) on SW DARFE is to decrease the extent of warming or 
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cooling at TOA, at the surface and in the atmosphere (Table 2.2). Therefore, an eruption 
occurring very close to the winter solstice would have a negligible SW radiative effect. 
However, both SW and LW radiation must be considered to determine the net 
radiative impact of a volcanic plume. In some cases, such as during boreal winter, the LW 
radiation may be more important than SW radiation. From Fig. 2.1, it is apparent that ash 
absorbs more SW radiation. Both ash and sulfate absorb and scatter LW radiation, and ash is 
better overall at attenuating it (Fig 2.1). This results in net LW TOA fluxes and net surface 
LW fluxes for sulfate that are more negative than for ash (Fig. 2.9). The effect of volcanic 
aerosols on the LW cooling rate profile is shown in Fig. 2.10. 
 
Figure 2.9:  The relationship between net LW flux and AOD(550 nm) at an AOD range of 
0.18 - 0.58 for two aerosol mixtures at the TOA and surface. The R
2
 regressions for all lines 

















AOD 550 nm 
TOA:  ash rich mixture 
surface:  ash rich mixture 
TOA:  sulfate rich mixture 




Figure 2.10:  The effect of aerosol composition and AOD(550 nm) of a thin plume (~2.5 – 7 
km) on LW cooling rate. 
 
Overall, volcanic aerosols cause cooling in the atmosphere and warming at the surface. The 
extent of atmospheric cooling or surface warming is dependent upon the aerosol composition 
and AOD. Compositions rich in ash produce more pronounced cooling in the atmosphere and 
warming at the surface, because ash is a better absorber of SW radiation and emitter of LW 
radiation. This effect can also be observed in LW DARFE calculations, which range from 




 for ash and sulfate rich cases at the 
TOA, surface and within the atmosphere, respectively. 
The total radiative forcing associated with this volcanic plume at TOA, at the surface, 
and in the atmosphere is reported in Table 2.2. The total DARFE is the sum of SW and LW 
DARFEs for each case. In most cases, the SW radiation contributes more to the total DARFE. 
However, there were three instances in which the LW radiation was significant enough to 
change the sign of the forcing either at the surface or in the atmosphere. These cases were all 
at a lower zenith angle and either consisted of ash rich plumes over snow or sulfate rich 

















Heating rate (K/day) 
ash rich mixture (AOD = 0.58) 
ash rich mixture (AOD = 0.18) 
ash rich mixture (AOD = 0.38) 
clear sky 
sulfate rich mixture (AOD = 0.58) 
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lower zenith angle produces less cooling than a similarly composed plume under other 
environmental conditions because of the multiple scattering effect between the aerosol layer 
and the snow surface and the reduction of solar radiation entering the system due to the lower 
zenith angle. In this case, LW radiation heats the surface more than the SW radiation cools it, 
causing a net radiative heating of the surface. A sulfate rich plume under low SZA will tend to 
warm the atmosphere less than an ash rich plume. This is due to both a reduction in incoming 
solar radiation and the inability of sulfate to absorb SW radiation. The single scattering albedo 
(550 nm) for the ash rich plume is ~ 0.89, but it is considerably higher (~ 0.98) for the sulfate 
rich plume, indicating there is no appreciable absorption at this wavelength (Fig. 2.1). For 
cases of a sulfate rich plume at low SZA over seawater and snow, LW radiation cools the 
atmosphere more than the SW radiation warms it, which leads to a net cooling of the 
atmosphere. These calculations demonstrate the importance of both SW and LW components 
of the forcing when determining the radiative effects of an aging volcanic plume, especially in 
the Arctic. 
2.3.3.2 Examining the role of vertical structure of volcanic aerosol plumes 
The simulated plume for an optically and physically thick eruption column was based 
on satellite data collected for the entire span of the eruption. A range of AODs from 1 to 3 
was selected, and the plume thickness stretched from 3 km (the volcano summit) to 20 km 
altitude. We compared calculated DARFEs and heating rates for an optically thick plume to 
those produced for the optically thin plume. In this section we demonstrate that, in general, 
the trends for surface type, SZA, and plume composition discussed above for the thin plume 
still hold for the thicker plume. However, we also show that the magnitude and, in a few 
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cases, the sign of the forcings and the magnitudes of the heating/cooling rates are very much 
dependent on plume thickness and AOD. 
Net SW fluxes at each AOD for the thick plume over both snow and seawater are 
shown in Fig. 2.11. 
 
Figure 2.11:  The relationship between net SW flux and AOD(550 nm) at an AOD range of 1 - 
3 for two aerosol mixtures at the TOA and surface over seawater (top panel) and snow 




 regressions for all lines are greater than 0.95. 
 
 Comparing these results to those for the thin plume in Fig. 2.8, it is apparent that net SW 
fluxes for the thick plume over seawater, both at the surface and TOA, are considerably less 
than those for the thin plume at the ranges of AOD chosen for each plume. This is because 
more of the incoming SW radiation is scattered and absorbed in the thick plume case, 
resulting in less incoming SW radiation reaching the surface, and therefore less SW radiation 
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reflected by the surface. Surface net SW fluxes over snow are greater for the thin plume than 
for the thick one for the same reasoning. However, net SW fluxes are greater for the thick 
plume at TOA. This is due to less outgoing radiation at TOA because of enhanced multiple 
scattering occurring between the snow surface and the more opaque plume. Another important 
comparison in net SW fluxes between plumes is the differences between the two volcanic 
aerosol compositions at each AOD. For the thicker plume, it seems that plume composition, 
and therefore plume age, can cause net SW fluxes at the surface and TOA to differ 
substantially more than for a thinner plume. Calculations of net SW flux must be more 
sensitive to composition of volcanic aerosol for a thicker plume.  
Table 2.3 presents SW DARFEs computed for the thick plume. Like SW DARFE for 
the thin plume (Table 2.2), DARFEsurface is negative, indicating cooling, and positive in the 
atmosphere, indicating warming. However, DARFE values for the thick plume cases are much 
smaller in magnitude than those for thin plumes. This is a result of the range of AOD over 
which net flux calculations were performed. The relationship between net flux and AOD can 
only be approximated as linear when AOD values are small. Because DARFE is computed as 
the slope of this line, it may depend on the ranges of AOD chosen and must always be 
reported with this AOD range attached in order to be a meaningful quantity. For the thin 
plume, the range of AOD used to compute DARFE is narrower and the AOD values are 
smaller. The net fluxes for the thin plume are more sensitive to changes in AOD at the range 





, and therefore the thick plumes may still produce a larger forcing in Wm
-2
 depending on the 
exact values of AOD present.  
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Shortwave heating rates for the thick plume also exhibit the same general 
dependencies on composition, surface albedo, and SZA as described for the thin plume, with 
warming in the atmosphere and cooling at the surface (Fig. 2.12).  
 
Figure 2.12:  (a) The effect of aerosol composition and AOD(550 nm) of a thick plume (~3 – 
20 km) on SW heating rate. SZA = 55
o
 and surface type is seawater for all cases. (b) The 
effect of aerosol composition of a thick plume (~3 – 20 km) and surface type on SW heating 
rate. SZA = 55
o
 and AOD(550 nm) = 3 for all cases. (c) The effect of aerosol composition of a 
thick plume (~3 – 20 km) and solar zenith angle (SZA) on SW heating rate. AOD(550 nm) = 
3 and the surface type is seawater for all cases. 
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However, SW heating rates for the thick plume exhibit significant perturbations to clear sky 
conditions (Fig. 2.12a), which dwarf those due to the thin volcanic plume discussed above. 
Heating rates for the thick plume are particularly sensitive to aerosol composition (Fig. 2.12a), 
but have lesser sensitivities to surface reflectivity (Fig. 2.12b) and SZA (Fig. 2.12c). This 
finding emphasizes how strongly plume age controls the way SW radiation is distributed 
within the aerosol layer and throughout the atmosphere.  
The importance of plume age is magnified in the LW part of the spectrum. Given a 
fixed temperature profile, the LW radiative impacts are entirely dependent on composition 
and opacity of the aerosol layer, which change as the plume evolves. Net LW fluxes for the 
thick plume increase with increasing AOD (Fig. 2.13), similarly to net LW fluxes for the thin 
plume.  
 
Figure 2.13:  The relationship between net LW flux and AOD(550 nm) at an AOD range of 1 
- 3 for two aerosol mixtures at the TOA and surface. The R
2
 regressions for all lines are 
greater than 0.96. 
 
However, the differences at TOA and at the surface between the two compositions of volcanic 
aerosols at each AOD are greater for the thick plume than for the thin plume, indicating that 
plume age plays a larger role in determining net LW fluxes for a thicker plume. Net LW 


















AOD 550 nm 
TOA:  ash rich mixture 
surface:  ash rich mixture 
TOA:  sulfate rich mixture 
surface:  sulfate rich mixture 
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the thin plume of the same aerosol composition. A thick layer will emit more LW radiation, 
producing a net LW flux at the surface which is less negative than for a thin plume. The thick 
plume will also scatter and absorb more outgoing LW radiation coming from both the surface 
and within the lower layers of the plume, producing net LW fluxes at TOA that are typically 
less negative.  
The slopes of the lines in Fig. 2.13 give the LW DARFE for the thick plume cases, 




 for ash and sulfate rich 
cases at the TOA, surface, and within the atmosphere, respectively. Longwave DARFE for the 
thick plume is less than those for the thin plume, because net LW fluxes for the thick plume 
are less sensitive to changes in AOD at the ranges of AOD chosen. Unlike the thin plume 
cases, DARFETOA is greater than DARFEsurface for both compositions of volcanic aerosol, 
leading to positive DARFEatm for the thick plume. For the thick plume cases, the way in 
which LW radiation is distributed in the atmosphere is very different. Longwave cooling rates 
for each aerosol composition and AOD are displayed in Fig. 2.14.  
 
Figure 2.14:  The effect of aerosol composition and AOD(550 nm) of a thick plume (~3 – 20 

















Heating rate (K/day) 
sulfate rich mixture (AOD = 2) 
sulfate rich mixture (AOD = 1) 
sulfate rich mixture (AOD = 3) 
ash rich mixture (AOD = 2) 
ash rich mixture (AOD = 1) 
ash rich mixture (AOD = 3) 
clear sky 
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Emission of LW radiation in the upper layers causes cooling in the upper atmosphere, while 
the surface layers warm due to emission by middle to lower layers and the surface. Longwave 
emission from the upper and lower layers causes enhanced warming in middle layers.  
The overall radiative effect of volcanic aerosol in a thick plume is given by the total 
DARFE, and this is reported for each case in Table 2.3.  





DARFE was calculated for a range of AOD between 1 and 3. 
*
For this case, DARFETOA was 














ash rich SW 55
o
 seawater -20.1 -100.4 80.3 
ash rich SW 75
o
 seawater -6.7 -29.9 23.2 
ash rich SW 55
o
 snow 64.2 -21.3 85.5 
ash rich SW 75
o
 snow 17.7 -6.4 24.1 
sulfate rich SW 55
o
 seawater -54.2 -70.1 16.0 
sulfate rich SW 75
o
 seawater -20.6 -23.4 2.9 
sulfate rich SW 55
o
 snow 11.0 -12.5 23.6 




 -4.6 5.3 
ash rich Total 55
o
 seawater -10.3 -92.4 82.1 
ash rich Total 75
o
 seawater 3.1 -21.9 25.0 
ash rich Total 55
o
 snow 74.0 -13.4 87.6 
ash rich Total 75
o
 snow 27.5 1.6 25.9 
sulfate rich Total 55
o
 seawater -46.8 -64.8 18.0 
sulfate rich Total 75
o
 seawater -13.2 -18.1 4.9 
sulfate rich Total 55
o
 snow 18.4 -7.2 25.6 
sulfate rich Total 75
o
 snow 5.1 0.7 4.3 
 
For most cases, SW radiation was larger than LW. However, for four of cases under lower sun 
conditions, LW radiation was large enough to change the sign of the total forcing. At the 
surface, a net warming was produced for both ash rich and sulfate rich compositions over 
snow. In these cases, surface SW cooling is reduced due to a reduction of solar energy 
entering the system and multiple scattering between the snow surface and the aerosol layer. 
TOA warming was produced for an ash rich plume over seawater and a sulfate rich plume 
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over snow. In these cases, LW warming at TOA was enough to counteract SW cooling. For all 
of the thick plume cases, net warming in the atmosphere due to SW radiation is enhanced by 
positive values of LW DARFE.  
 
2.3.4 Comparing radiative impacts of major aerosol types in the Arctic 
The radiative effect of aerosol in a given environment depends upon aerosol-specific 
properties, such as optical characteristics and vertical loading. Volcanic aerosol is unique in 
that volcanoes are capable of producing huge loadings, forming plumes that can stretch from 
near surface level to well into the stratosphere. Therefore, it is obvious from the nature of 
volcanic eruptions that they may produce thicker plumes and may thereby drown out the 
signal from any other aerosols present. To compare the radiative impact of volcanic aerosol to 
other aerosol types, Figure 2.15 presents direct radiative forcings and heating rates for two 
volcanic aerosol compositions for the April 2 case from our study, mineral dust [Stone et al., 
2007), wildfire smoke [Stone et al., 2008), and haze [Quinn et al., 2007; Ritter et al., 2005].  
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Figure 2.15:  (a) SW direct radiative forcings (DARFs) and (b) SW heating rates for haze 
[Quinn et al., 2007], dust [Stone et al., 2007], smoke [Stone et al., 2008], and ash rich and 
sulfate rich volcanic aerosols (this study). Values of forcing for dust were only available at the 
surface. (c) LW DARFs for haze [Ritter et al., 2005] and ash rich and sulfate rich volcanic 
aerosols (this study). (d) LW cooling rates for dust [Stone et al., 2007] and ash rich and sulfate 
rich volcanic aerosols (this study). 
 
While there are multiple factors which control the regional radiative impact, the most 
comparable surface albedo, AOD, SZA, and plume thickness for each study were selected in 






Table 2.4:  Studies chosen for comparisons of DARF and heating rates (HR) of Arctic 
aerosols, along with aerosol types, surface albedo, AOD at 500 or 550 nm, ω0 (singe 
scattering albedo) at 550 nm, solar zenith angle (SZA), vertical plume thickness and 
placement within the atmosphere that were used. Boxes filled with an X indicate information 
was not available. 
a
 TOA SW DARF for SZA=62.6
o
 obtained from Dr. Quinn, [personal 
communication, 2011].  
b
 Vertical placement of the layer is unknown, but thickness is reported 
as 1 km. 
 










Quinn et al., 
2007  haze 
 







        
Stone et al., 
2007  dust 
 
SW DARF 0.825 0.18 0.89 62 2 - 4  
  SW HR 0.830 0.15 0.89 75 2 - 4 
  LW HR N/A 0.4 0.89 N/A 2 - 4 
        
Stone et al., 
2008 smoke 
 
SW DARF 0.8 0.18 0.95 50 0.25 - 2.8 
  SW HR 0.2 0.28 0.95 65 0.25 – 2.8 
        
Ritter et al., 
2005 haze 
 
LW DARF N/A  X X N/A X 
        
This study Sulfate rich 
 
 SW DARF 0.973 0.18 0.98 55 2.5 -7  
 volcanic SW HR 0.973 0.18 0.98 75 2.5 - 7 
  LW DARF N/A 0.18 0.98 N/A 2.5 - 7 
  LW HR N/A 0.18 0.98 N/A 2.5 - 7 
        
This study  ash rich 
 
SW DARF 0.973 0.18 0.89 55 2.5 -7  
 volcanic SW HR 0.973 0.18 0.89 75 2.5 - 7 
  LW DARF N/A 0.18 0.89 N/A 2.5 – 7 
  LW HR N/A 0.18 0.89 N/A 2.5 - 7 
 
Figure 2.15a compares the surface SW DARF. The ash rich volcanic mixture 
attenuates more solar radiation per AOD than any other compositions, producing the most 
negative surface forcing. Mineral dust runs a close second to the ash rich mixture, indicating 
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dust must have similar SW extinction coefficients. The ash rich mixture also produces the 
most warming at TOA and within the atmosphere, which is because the ash rich mixture is the 
better absorber of SW radiation, as further illustrated by the SW heating rates in Fig. 2.15b. At 
the TOA, the DARFs of the sulfate rich mixture and haze are very similar. This may be due to 
the haze presented in Quinn et al. [2007] consisting of large proportions of sulfate.  
The LW DARFs for the two compositions of volcanic aerosol and haze [Ritter et al., 
2005], and LW cooling rates for the two volcanic mixtures and dust [Stone et al., 2007] are 
compared in Fig. 2.15c and 2.15d, respectively. The LW forcing for smoke is very small 
because of small particle sizes [Myhre et al., 2007] and is not shown here. LW forcings of 
dust and volcanic aerosols are important, although seldom calculated in radiative studies of 
Arctic aerosols. The ash rich mixture seems to dominate the LW radiation as well. Both SW 
and LW comparisons indicate that even a moderately thin layer of ash rich volcanic aerosol 
can be a main driver of the aerosol induced radiative impact in the Arctic region. Additionally, 
the signal due to volcanic aerosol would be expected to be even more powerful given that 
volcanic eruptions routinely produce aerosol layers with AODs and vertical thicknesses much 
larger than those of other aerosol types. 
2.4 Conclusions 
  The 2009 eruption of Redoubt volcano provided a source of aerosol to the Arctic 
environment. The extent to which a given volcanic aerosol layer perturbs the radiation balance 
depends upon environmental factors, such as surface reflectivity and SZA, and plume specific 
factors, such as aerosol composition and size distributions, and vertical profile of AOD. We 
used a satellite integrated approach to investigate the role these factors play in determining the 
radiative impact of volcanic aerosols in the Arctic. In general, environmental factors can 
 50 
govern both the sign and magnitude of the DARF, DARFE and heating/cooling rates. The 
ability of environmental conditions to change whether an aerosol layer will warm or cool at 
TOA and the surface is especially significant when considering the Arctic region, where 
surfaces vary from ocean to snow, and seasons dramatically shift the amount of incoming 
solar radiation. The deposition of volcanic ash onto ice and snow surfaces also has strong 
potential to greatly alter surface reflectivity and thereby cause a perturbation that may last 
long after the aerosol plume has gone.  
  Plume specific factors influence the magnitudes of DARF, DARFE and heating/cooling 
rates. The compositions, thicknesses and AODs of volcanic plumes vary greatly and are in many 
cases difficult factors to constrain. Due to the remote locations of many volcanoes and the 
dangers involved in making direct measurements, satellites are absolutely necessary to monitor 
the spatial and temporal development of volcanic plumes. However, eruption specific size 
distributions and ash to sulfate ratios are challenging to constrain, even with the help of satellite 
sensors. The development of multiphase models [Dufek and Bergantz, 2007; Neri et al., 2007] to 
study eruption dynamics may assist in creating better microphysical models for volcanic aerosol. 
Other plume related simplifications that are often made in radiative transfer modeling which 
need to be addressed include:  the partitioning of volcanic aerosol types at different altitudes and 
the nonsphericity of ash. 
Volcanic eruptions are high intensity events, capable of providing a huge, sporadic 
aerosol signal compared to other Arctic aerosols. However, volcanic eruptions typically have 
durations shorter than the season long occurrences of Arctic haze or wildfire smoke. Like other 
Arctic aerosols, volcanic aerosols from high northern latitude eruptions can cover large areas, as 
in the recent eruption of Eyjafjallajökull in Iceland, which disrupted air travel across Europe. 
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According to the AVO, Alaskan volcanoes have had an average eruption frequency of two per 
year over the past 40 years, but the appearance of Arctic haze, wildfire smoke, and dust occur 
only yearly. Therefore, Alaskan volcanic eruptions are on average more frequent than events 
responsible for the emission of Arctic haze, wildfire smoke, and dust into the Arctic 
environment. Depending on the time of year, volcanic aerosol may be present along with other 
aerosol types. Following an eruption in Arctic springtime, dust, haze and volcanic aerosol can 
contribute to the overall aerosol signal. For eruptions in boreal summer, wildfire smoke will be 
present along with volcanic aerosols. In boreal winter, aerosols from a volcanic eruption will be 
accompanied by haze. 
Our results demonstrate a potential for volcanic aerosol to provide a sizeable 
contribution to the radiative effects and even outshine other types of aerosol when significant 
proportions of volcanic ash are present, as in young volcanic plumes. Therefore, volcanic 
aerosol, although sporadically present, can have a significant radiative impact in the region. 
We recommend that volcanic aerosols be included in future assessments of the Arctic regional 
radiation budget. This will facilitate efforts to understand the radiative impacts of natural 
aerosols on the Arctic environment in order to create successful mitigation strategies for 
warming due to anthropogenic sources. 
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CHAPTER 3 
ASSESSMENT OF DEPOSITIONAL ASH LOADINGS FROM THE 2009 ERUPTION 
OF MT. REDOUBT 
 
The work presented in this chapter has been submitted to the Journal of Volcanology and 
Geothermal Research and publication has been recommended  
[Young et al., 2014] 
3.1 Introduction 
Surface reflectivity is an important factor in controlling the regional Arctic radiation 
balance [e.g. Anisimov et al., 2007]. According to the 2005 Arctic Climate Impact Assessment 
(ACIA), changes in regional climate could damage ecosystems and have negative impacts on the 
health and the economic stability of human populations (www.acia.uaf.edu). In the Arctic, the 
surface reflectivity and sun angle can vary widely depending on time of year and can change the 
magnitude, and even the sign, of the radiative effects [Stone et al., 2008; Young et al., 2012].  
Volcanic ash deposited onto ice and snow covered surfaces is expected to alter surface 
reflectivity and cause early snowmelts in a manner similar to dust [Painter et al., 2010] and soot 
[Flanner et al., 2007]. However, we are unaware of any studies to date that assess the radiative 
impacts due to volcanic ash deposition in the Arctic.  
High northern latitude volcanic eruptions are capable of emitting large quantities of ash 
into the Arctic environment, and these events occur quite frequently. In fact, there are ~ 4 
volcanoes currently erupting and ~ 10 volcanoes experiencing unrest above 55
o
N, as of October 
2013 (www.volcanodiscovery.com). The Alaska Volcano Observatory (AVO) reports that in 
Alaska alone there are on average two eruptions each year. Ash deposited from volcanic 
 53 
eruptions can remain long after an eruption has ended and may thereby have greater radiative 
impacts than an eruptive plume. This is particularly true in the Arctic region, where snowfall that 
could cover deposits is sparse due to the dry climate. 
The 2009 eruption of Mt. Redoubt was selected as a case study to assess volcanic ash 
deposits because of reports of extensive deposit areas and documented early snowmelts due to 
the deposition of ash onto ice and snow covered surfaces [Schaefer et al., 2012]. Mt. Redoubt is 
a stratovolcano located in Alaska, USA (60.49 N, -152.74 W). According to the AVO, deposits 
from this event were reported in the Alaskan cities of Anchorage, Kenai, Homer, Seldovia, 
Skwentna, and Talkeetna, with trace amounts as far north as Fairbanks. Because of changing 
meteorology during the entire course of explosive activities, ash was deposited hundreds of 
kilometers away in nearly every direction from the source volcano. Deposits occurred over both 
land and ocean, but larger areal extents of ash were deposited over land ice and snow covered 
surfaces. 
The areal extent of ash deposits can be obtained directly from field observations and 
satellite measurements. However, field observations are made only at a few locations, making 
satellites instrumental at providing the coverage necessary to gain knowledge of the areal extent 
of the deposits. The Moderate Resolution Imaging Spectroradiometer (MODIS) instrument 
flying aboard Aqua and Terra satellites and the Ozone Monitoring Instrument (OMI) on the Aura 
spacecraft are two such sensors capable of detecting volcanic ash. Both sensors are on polar 
orbiting satellites, which provide excellent coverage of the Arctic region, allowing for mapping 
out the spatial extent of volcanic plumes and deposits. The MODIS instrument provides true 
color images of ash plumes and deposits and aerosol optical depth (AOD) of volcanic plumes. 
The OMI sensor provides a UV aerosol index (AI), which can detect the presence of UV 
 54 
absorbing aerosols, such as ash, dust, and smoke. However, in the Arctic, environmental 
conditions, such as meteorological clouds and high surface reflectivities, often hamper retrievals 
for passive instruments measuring in the visible and UV, such as MODIS and OMI.  
In cases with sparse satellite and field data, transport models can aid in providing the 
quantitative characterization of volcanic aerosols and ash deposits. Past studies have used 
General Circulation Models (GCMs) to simulate the transport and deposition of volcanic ash 
[e.g., Niemeier et al., 2009]. However, the source conditions (i.e., distribution of ash in the 
eruptive column) of volcanic eruptions are not treated in GCMs, which handle volcanic eruptions 
by assigning a flux amount of material into the atmosphere [Kravitz et al., 2011; Robock et al., 
2009; Robock et al., 1995]. Neglecting the dynamics of the actual explosion will influence 
regional transport and deposition of ash. Recent development of a preprocessing tool has allowed 
for the computation of initial ash fields from source conditions for input into mesoscale 
atmospheric chemistry models, such as WRF-Chem [Stuefer et al., 2013]. Alternatively, volcanic 
ash transport and dispersion models (VATDMs) calculate initial ash fields directly from eruption 
source input parameters. In addition, VATDMs consider a full size spectrum of ash and can 
include nonspherical ash particles. Due to the dangers involved with measuring the size 
distributions of ash in plumes in situ, the size distributions used in VATDMs are measured from 
deposits in the field. These measurements are often depleted in fine ash (aerodynamic diameter < 
2.5 µm) because fine particles can be swept to great distances from the volcano, where they 
cannot be collected and measured [Rose and Chesner, 1987]. In this study, we use a VATDM, 
Fall 3D, considering a broad range of ash particle sizes. This model is an open source Eulerian 
ash dispersion and transport model, which is widely used by the ash forecasting community [e.g., 
Folch et al., 2009; Costa et al., 2006].  
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Recent studies have performed dispersion modeling for selected explosive events from 
the Mt. Redoubt eruption and compared model output to satellite and field data [Steensen et al., 
2013; Mastin et al., 2013]. Complimentary to these studies, the goal of our study is to quantify 
the depositional loading fields from the 2009 eruption of Mt. Redoubt. We perform a 
comprehensive study of the major land-depositing eruptive events and conduct a quantitative 
error evaluation of modeled deposits. In particular, we investigate the loading fields and 
spatial/temporal loading gradients for each deposition event along with associated uncertainties. 
Our approach utilizes the capabilities of the Fall3D model to track transport and deposition of 
ash, as well as obtain ash deposit loadings, AOD fields within plumes, and areal extents of 
deposits and plumes. Section 3.2 details the methodology used to produce realistic ranges of 
model parameters from the literature for the best-studied explosive event in the eruption and 
extrapolate that information for modeling other events. Section 3.3 presents a validation of 
modeled ash plume extents and deposit loadings against NASA A-train satellite data and field 
measurements reported by the AVO. Ash deposit fields for each event, total ash deposit fields for 
all eruptive events and associated uncertainties, and spatial loading gradients and loading 
histories are then discussed in Section 3.4. Section 3.5 summarizes the major findings of this 
work. 
 
3.2 Methodology, Fall3D setup, and data 
The most recent eruption of Mt. Redoubt began on 23 March 2009 UTC and lasted 
through 4 April 2009 UTC. The eruption consisted of 19 explosive events, creating plumes that 
were carried over both snow covered land and sea surfaces. The explosive volcanic events were 
all short bursts of ash or “puffs” which were 7 - 38 minutes in duration. These durations are 
consistent with the interpretation of near vent explosions, which can be triggered by phreato-
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magmatic activity [Scott et al., 2001]. The formation of meltwater from the interaction of 
pyroclasts with ice and snow [Schaefer et al., 2012] and the exceptionally fine ash sizes observed 
for the 2009 eruption of Mt. Redoubt [Wallace et al., 2013; Van Eaton et al., 2012] provides 
support for phreato-magmatic activity. In this study, we analyze the eruptive events listed in 
Table 3.1.  
Table 3.1: Eruption events, dates, times, durations, plume heights, and mass flow rates (MFRs) 









plume height (km) 
MFR 
(kg/s) 
2 3/23/2009 7:02 7 13.4 2.8 X 10
6
 
3 3/23/2009 8:14 20 14.6 4.3 X 10
6
 
4 3/23/2009 9:38 38 13.1 2.5 X 10
6
 
5 3/23/2009 12:30 20 18.3 1.3 X 10
7
 



















Fall 3D was employed to calculate transport of ash, quantities of ash deposited and areas 
covered. Events 2 – 6, which occurred on March 23 and 24, produced significant deposits over 
land only [Schaefer and Wallace, 2012; Schaefer et al., 2012]. Modeled depositional loadings of 
these events were corroborated where possible using field data. However, comparison was 
hampered due to limited field sampling during these events and sparse satellite data, caused by 
highly reflective snow covered land surfaces and extensive cloud cover. Additional events 
occurring in early April were selected in order to test that the model can reproduce the areal 
extents of ash plumes (Table 3.1). These events produced ash plumes over dark ocean surfaces, 
and the modeled areal extents were verified against satellite data.  The April events producing 
low-level emissions were not classified by Schaefer et al. [2012] as major explosions. However, 
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these events were documented in Carlile and Nelson [2009] and observed in satellite data. Of all 
the events listed in Table 1, event 5 has been the most intensively studied [Mastin et al., 2013; 
Wallace et al., 2013; Steensen et al., 2013; Schmehl et al., 2012]. Given the wealth of 
information that exists for event 5, it was selected as the baseline for which the best-fit 
parameters were determined by comparison to field data. All other events employed the best-fit 
parameters from event 5 for particle shape and size distribution, source type, and diffusion 
coefficients, but we used event specific times, durations, plume heights and eruption rates (Table 
3.1). For each event, model output was verified using the available satellite and/or field data. A 
schematic of this methodology is displayed in Fig. 3.1. 
 
Figure 3.1:   A schematic of the methodology used for determining the best-fit case for event 5 
and selecting parameters for other eruptions. Literature of event 5 (yellow box) is used to 
determine event 5 input parameters. Blue boxes denote Fall3D inputs, and purple boxes represent 
Fall3D output. Satellite and/or field data comparison steps are depicted by red boxes. 
3.2.1 The Fall 3D model 
Fall3D was used to calculate ash ground loading and to assess the aerial extent of 
deposits throughout the explosive period of the eruption. The model was also used to determine 
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the transport of ash plumes in the atmosphere and calculate the AOD of the plumes using 
modeled concentrations and ash aerosol size distributions. The model calculates the ash 
concentration in the atmosphere and the ash deposit loadings, considering advection, 
gravitational settling of particles, and turbulent diffusion according to the continuity equation 
[Costa et al., 2006]: 
  
   
    
  
  
   
  
  




         





     
     
  
   
 
  
     
     
  
   
 
  
     
     
  
                (3.1) 
where C is the scaled average concentration, V = (VX, VY , VZ) is the scaled average wind speed, 
KX, KY and KZ are the diagonal terms of the scaled average eddy diffusivity tensor, ρ* is the 
scaled average atmospheric density, and S* is the scaled average source term. A new reference 
frame where the coordinate system follows the terrain is defined using scaling factors detailed in 
Costa et al. [2006]. 
The model requires meteorological data input, which was obtained from NCEP 
Reanalysis data provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, 
(http://www.esrl.noaa.gov/psd/). The meteorological data had a horizontal resolution of 210 km 
with 28 vertical levels, spanning from 0.15 – 30 km [Kalnay et al., 1996]. Of the 28 vertical 
levels, 22 were below 18 km, which is approximately the maximum plume height out of all 
eruptive events considered here (Table 3.1). More levels were located closer to the sea level to 
capture interactions in the boundary layer. 
The settling model selected for all simulations was the Ganser model [Ganser, 1993]: 
    
  
    
                   
         
        
   
    
      
                                                   (3.2) 
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where Re is the Reynolds number, Cd is the drag coefficient, and K1 = 3/[(dn/d)+2ψ
−0.5





 are two shape factors (dn is the average between the minimum and the 
maximum axis, d is the equal volume sphere, and ψ is the particle sphericity). A typical plume 
temperature of 1000 K [Mastin et al., 2013; Swanson et al., 1994] and a constant particle density 
of 2.5g cm
-3
, realistic to andesitic ashes [Schmehl et al., 2012; Scott and McGimsey, 1994], were 
assumed in all simulations. Although variation in plume temperature between events and thermal 
heterogeneity in the near source may be expected, sparse data and the small anticipated 
compositional variation guided our selection of constant thermal source conditions in these 
simulations. Other input parameters necessary for advection-diffusion models include both 
source conditions (i.e., mass flow rate (MFR), source type), and material and transport properties 
(i.e., ash size distribution, sphericity, and diffusion coefficients). These parameters are difficult 
to determine by in situ measurements. Therefore, we investigated a range of input parameters 






















Δ            
0 1.3 X 10
7
 Point Mastin et al. [2013] 1.0 10,000 0.410 
1 1.1 X 10
5
 Point Mastin et al. [2013] 1.0 10,000 0.993 
2 7.1 X 10
4
 Point Mastin et al. [2013] 1.0 10,000 0.995 
3 1.3 X 10
7
 Suzuki Mastin et al. [2013] 1.0 10,000 0.440 
4 1.3 X 10
7
 Plume Mastin et al. [2013] 1.0 10,000 0.747 
5 1.3 X 10
7
 Point Rose and Durant 
[2009] with fine 
fraction 
1.0 10,000 0.459 
6 1.3 X 10
7
 Point Rose and Durant 
[2009] 
1.0 10,000 0.485 
7 1.3 X 10
7
 Point Mastin et al. [2013] 0.7 10,000 0.500 
8 1.3 X 10
7
 Point Mastin et al. [2013] 0.4 10,000 0.711 
9 1.3 X 10
7
 Point Mastin et al. [2013] 1.0 10 0.474 
10 1.3 X 10
7
 Point Mastin et al. [2013] 1.0 100 0.474 
 
Best-fits were determined using a method described in Scollo et al. [2008] to quantify the 
difference between each model simulation and field data, employing the following equation: 




         
  




      
  
   
                                                                                                               (3.3) 
 where N is the number of model grid points for which measured loadings were available, and 
w0k and wk are the respective values of deposit loading at point k for the measured samples and 
the model simulation in question. The resulting Δ value is a metric for how closely modeled 
deposits matched loadings measured in the field. High Δ values represent larger differences in 
modeled and measured values, and lower values indicate smaller differences. The agreement 
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between modeled and measured loadings for each simulation is considered good if Δ ≤0.33, 
moderate if 0.33 < Δ ≤0.66, poor if 0.66 < Δ ≤ 0.99, and extremely poor if Δ ≥1.  
3.2.1.1 Mass flow rate (MFR) determinations 
A common approach to estimate MFR is to examine plume heights and compare them 
with heights expected from simple plume theory with a given flux condition [Wilson et al., 1978; 
Mastin et al., 2009]. This approach assumes that there is no variation in plume height during the 
eruptive activity. Errors can occur in measurement of plume height, or when the eruptive 
behavior deviates from assumptions. Another widely used method is to use erupted masses 
determined from mapped out deposits [Wallace et al., 2013; Mastin et al., 2013], assuming MFR 
does not change for the duration of the eruption. This method requires that the regions of 
deposited ash be well-characterized, adequately sampled, and measured as quickly as possible 
after the eruptive event. Care must be taken to collect ash only from the event of interest, and 
eruption durations must be accurate. The fine ash fraction will likely be carried much farther than 
other deposits, making it difficult to include in these measurements [Rose and Chesner, 1987; 
Rose et al., 2008].  
From the Redoubt 2009 eruption, there are not many estimates of MFR, with the 





from the deposits for event 5 from Wallace et al. [2013] and for a seismic duration of 20 
minutes. One of the challenges in any MFR estimation is that this rate is normally assumed to be 
constant. Mastin et al. [2013] reports that MFR for event 5 was likely variable and that most of 
the mass was likely erupted in the first 10 minutes of the eruption. Therefore, Mastin et al. 




 for a 10 minute eruption duration.  However, Mastin et 




 produces plumes that more closely match the 
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heights reported in radar observations. In a different approach, Schmehl et al. [2012] uses a 
genetic algorithm to arrive at a solution that minimizes the errors between observed and modeled 
variable values. Schmehl et al. [2012] reports a predicted MFR for event 5 of 1.1 X 10
5









, assuming constant 
emissions. These values are considerably different than those reported from the Mastin et al. 
[2013] study. Here, the MFR were systematically varied to find the best-case scenario. We found 




, as in Mastin et al. [2013], over a duration of 20 minutes 
produced the most realistic deposit loadings as compared to field data. This is unsurprising, 
given the similar approach between Mastin et al. [2013] and this work.  
Event 5 was used as a reference event to evaluate the MFR for the other events listed in 
Table 3.1. For other events, the MFR was computed using the following relationship between 
MFR and plume height (H), derived from [Wilson and Walker, 1987]: 
               
 
        
 
 
                                                                                                  (3.4) 
where MFREvent 5 is the MFR for event 5, HEvent 5 is the plume height for event 5, and H and MFR 
are the respective plume heights and MFR values for the event in question. Plume heights for 
explosive events were taken from Schaefer et al. [2012], which were derived from the Federal 
Aviation Administration Next Generation Weather Radar (FAA NEXRAD) and/or USGS radar. 
Low-level emission plume heights were taken from pilot reports in Carlile and Nelson [2009]. 
Plume heights used in equation 3.4 are heights above the vent, which is located at 3 km above 
sea level. 
3.2.1.2 Initial ash size distribution and sphericity 
We considered three size distributions in order to investigate a range of size 
distributions that would be realistic for the Redoubt eruption. There have been few in situ 
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measurements of size distribution of volcanic ash plumes, mainly due to the dangers involved 
in making this measurement. Therefore, all size distributions used in this study were measured 
on ash fall samples. These values are not truly representative of the ash size distribution in the 
atmosphere due to sorting which occurs during transport and underrepresentation of the fine 
ash fraction [Rose and Durant, 2009]. Ground measurements from Durant and Rose [2009] 
produced one of the size distributions used in our study (Fig. 3.2).  
 
Figure 3.2:  Size distributions selected for Fall3D simulations.  
 
This measurement was done for the 1992 eruption of Mt. Spurr, which has similar 
source conditions, eruptive size, and composition as Redoubt [Steensen et al., 2013; Mastin et 
al., 2009].  
 In addition, we used two other size distributions that attempt to represent the fine 
fraction present in the atmosphere. The first was introduced to reconstruct a fine fraction for the 
deposits measured by Durant and Rose [2009]. This was done by assessing MODIS fine mode 
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Rose and Durant, 2009 
(with fine fraction) 
Mastin et al., 2013 
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The lowest fine fraction determined was about 10%. This was taken to be an upper bound on the 
initial fine mode fraction, as this value was not from directly over the vent. Sulfate aerosol 
fractions, which would also be included in the fine mode fraction, were assumed to be negligible 
for the beginning of the eruption. This fine fraction was subtracted uniformly from fractions for 
coarser particles in Durant and Rose [2009] and was added uniformly to fine bins, creating a fine 
mode making up 10% of the total distribution (Fig. 3.2). The last size distribution was reported 
for the 2009 Redoubt eruption in Mastin et al. [2013] (Fig. 3.2).  
Particle size and shape affect the settling rate of ash. For each particle size class, the 
sedimentation equation is solved for the size and shape associated with that class. The Ganser 
settling model allows calculating the settling behavior nonspherical particles. Due to the highly 
variable fragmentation processes in magma, particles can vary greatly in shape, ranging from 
spherical particles to nonsphericities as low as 0.4 [Bonadonna et al., 2011; Alfano et al., 2011]. 
In this study, we consider a sphere (sphericity = 1) and nonsphericities of 0.7 and 0.4, in order to 
cover the full range of sphericities for volcanic ash particles reported in the literature. The 
nonsphericity is assumed to be uniform across all sizes, because past studies have not found a 
significant correlation between particle size and shape [Bonadonna et al., 2011; Alfano et al., 
2011]. 
3.2.1.3 Source type 
The source type was varied for three different column models:  plume, point, and Suzuki. 
The plume source represents ash that is propelled into the atmosphere at first by the momentum 
resulting from rapidly depressurized material. Higher in the atmosphere, ash is lifted by the 
buoyancy of a hot plume rising until it reaches a point of neutral buoyancy with the atmosphere 
[Ernst et al., 1996]. The height of neutral buoyancy is computed from the MFR, velocity and gas 
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fraction. The MFR was taken from the literature, as further described in Section 2.1.1 (Table 
3.1). Velocity ( ), particle volume fraction    , and gas mass fraction (X) were computed from 
the following system of equations, assuming choked flow conditions at the vent [Papale and 
Dobran, 1994], where   = the speed of sound (c): 
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                                                                                                   (3.7) 
where Avent is the area of the volcanic vent, ρp is the particle density, T is the plume temperature, 
R is the specific gas constant, and ρg is the density of the gas calculated from the ideal gas law, 




,   ~ 530 ms-1,    ~ 0.055%, 
and X ~ 61%. The area of the vent was estimated from Google Earth images as ~ 18,000 m
2
, and 
uncertainties in this estimate exist in locating the exact bounds of the eruption crater from the 
satellite imagery. 
The point source disperses all ash from one height in the atmosphere. The Suzuki source 
disperses ash according to the following equation [Pfeiffer et al., 2005]: 
                 
 
 
      
 
 
                                                        (3.8) 
where S(z) = {1 – z/H exp [A(z/H – 1)]}
λ 
is the vertical mass distribution function, z is the 
column altitude, S0 is a normalization factor, H is the maximum plume height, A and λ are two 
dimensionless parameters, and δ is the Dirac’s distribution for filiform and instantaneous release. 
The parameter A is the Suzuki coefficient, which describes the vertical position of the maximum 
concentration relative to the maximum column height, located at (A - 1)/A of the maximum 
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plume height. Smaller values of A represent plumes with ash distributed more equally at all 
heights, whereas larger values of A indicate that the area of highest ash concentration occurs 
closer to the maximum plume height, as in stronger volcanic eruptions. The parameter λ is a 
measure of how closely the total mass is concentrated around the maximum at H(A - 1)/A. 
Values of A and λ were systematically varied, as in Pfeiffer et al. [2005], to obtain a combination 
that produced the best agreement with field data. Because the event 5 eruption was strong, a 
relatively large A of 10 produced the better fit, and a value of λ of 3 was selected. In this study, 
we do not explicitly consider the impact of wind shear and bent over plume entrainment due to 
lack of constraints, although we note that the enhanced entrainment due to near vent winds may 
alter the deposition patterns, particular near to the volcanic summit [Degruyter and Bonadonna, 
2012]. 
3.2.1.4 Diffusion coefficients 
Diffusion coefficients represent the dispersion of ash due to small-scale turbulent motion 
without directly modeling the scale of this flow [Bonadonna et al., 2005; Costa et al., 2006]. The 
process occurs as particles move in a random walk from areas of high to low particle 
concentration. The diffusion coefficients set the width of ash plumes and deposits. Values of 
diffusion coefficients used in ash dispersal models vary widely and are difficult to constrain 
[e.g., Scollo et al., 2011]. Therefore, diffusion coefficients are often adjusted to produce results 
that agree with observations and in this way also account for some of the turbulent processes not 
directly resolved in the model. In large eruptive columns, most of the transport processes occur 
outside the boundary layer, where the vertical diffusion coefficient is small [Pasquill, 1974]. 
Therefore, the vertical diffusion coefficient will be negligible compared to the horizontal 
diffusion coefficient [Macedonio et al., 2008], and we set the vertical diffusion coefficient equal 
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to zero for all cases, as recommended by Bonadonna et al. [2005]. A horizontal diffusion 








, which is within a range of 
horizontal diffusion coefficient values used for eruptions of this scale [Pasquill 1974; 
Bonadonna et al., 2005; Scollo et al., 2011]. 
3.2.3. Satellite and field data  
We used several datasets from MODIS and OMI satellite sensors and field 
measurements to compare to model results. The MODIS level 2 Collection 5 AODs at 550 nm 
and true color images were used to compare to the areal extent and transport of modeled 
volcanic plumes during early April. True color images of ash deposits, when available, were 
also used to aid in validation of modeled deposition areas for eruptions on March 23 and 24. 
In addition, we used MODIS AODs to perform a comparison with modeled ash AODs at 500 
nm. The MODIS lookup table for aerosol retrievals over ocean contains an effective radius 
(reff) range of 0.10 – 2.50 µm. This range does not include reff above 2.50 µm, because it could 
be misclassified as a cirrus cloud or ice [Levy et al., 2003]. The model contains a wider range 
of reff values in AOD calculations, which range from 0.014 – 10 µm. Both volcanic ash and 
sulfate aerosol are included in the MODIS AOD signal. In order to estimate the AOD due to 
ash and to eliminate any signals due to sulfate, a coarse mode AOD was calculated by 
multiplying the total MODIS AOD by the MODIS fine mode fraction and subtracting this 
value from the total AOD. This was done to make MODIS and modeled AODs more 
comparable, but it is noted that eruptive plumes can contain large portions of fine ash [Rose 
and Durant, 2009].  
The OMI instrument has an ultraviolet – visible spectral range of 0.27-0.50 μm and 
provides the UV AI [Torres et al., 2007]. The AI is a semi-quantitative indicator of the 
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presence of UV-absorbing aerosols, such as volcanic ash, smoke, and dust. We used OMI AIs 
to verify aerial extent and transport of plumes during early April. The MODIS and OMI 
instruments both have difficulties in retrieving aerosol and surface information in the presence 
of meteorological clouds or over highly reflective surfaces, both of which are common 
environmental conditions during early spring in the Arctic. Therefore, satellite retrievals for 
this eruption were challenging. 
Ash deposition loadings for events on March 23 and 24 were compared to loadings 
measured in the field by Shaefer et al. [2011] and Wallace et al. [2013]. In these studies, samples 
were collected at 189 field stations between March 18 and July 11, 2009. Particle size analyses 
of samples were performed at the USGS Cascades Volcano Observatory (CVO) Sediment 
Laboratory using sieve and SediGraph techniques [Wallace et al., 2013]. Ashes from events 5 
and 6 were measured and characterized individually, but ashes from events 2-4 were measured 
collectively. The authors report difficulties in distinguishing between ash layers from different 
events in some cases, as well as difficulty in sampling at farther locations from the volcano, 
leading to sparser sampling coverage in these areas. 
 
3.3 Investigation of model performance 
We first present our Δ values and selection of best case conditions, followed by a satellite 
validation of modeled plume areal extents in order to show the capability of the model to 
reproduce areal extents of ash deposits. Deposition fields of cumulative ash deposits are then 
presented for eruptive events 2-6. Uncertainties in modeled ash deposition fields and the 




3.3.1 Examination of Δ values and selection of best-fit case 
 The best-fit case for event 5 (Run 0, Table 3.2) showed moderate agreement with field 
data (Δ = 0.410). This best-fit case was the result of 200 simulations that were used to constrain 




over a 20 
minute
 
eruption duration, the size distribution from Mastin et al. [2013] with spherical ash 




. As a first check of the feasibility 
of event 5 simulated deposits, modeled total volumes were compared to those estimated by 




. In this calculation, 
Wallace et al. [2013] employed the root-area method of Pyle [1989] and Fierstein and 
Nathenson [1992] to account for the mass of ash fall beyond the most distal isomass contour. For 




, which was on the same order of magnitude 
as total volume estimated by Wallace et al. [2013]. We performed this calculation by dividing 
the total mass of deposits at the end of the simulation by the density of ash. 
In each subsequent simulation, only one parameter in Table 3.2 is varied at a time in 
order to determine how sensitive modeled loadings are to each parameter. For each simulation, 
moderate agreement to field data similar to the best case simulation show that the modeled 
loadings were not very sensitive to the parameter that was varied. Poor agreement indicates that 
the parameter in question produced widely different modeled loadings from those measured in 
the field, and that modeled loadings were sensitive to the parameter and the range over which it 
was varied. Run 3 gave a similar Δ value (Δ = 0.440) for using a Suzuki source instead of a point 
source, indicating that the Suzuki source used in our simulations distributed ash in a similar way 
to the point source. Our Suzuki simulations used a large A value, which placed the largest 
concentration of ash near the maximum plume height. In this way, the Suzuki source with a large 
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A value is similar to a point source, which releases all ash at a single point at the maximum 
height. Runs 9  (Δ = 0.474) and 10 (Δ = 0.474)  also produced moderate Δ values for horizontal 
diffusion coefficients, which were varied by several orders of magnitude from that used in the 
best case simulation. This suggests that changes in horizontal diffusion coefficient do not greatly 
affect modeled loadings, which is consistent with other parametric studies [e.g., Courtland et al., 
2012]. The different size distributions in runs 5 (Δ = 0.459) and 6 (Δ = 0.485) show moderate 
agreement with field data as well, with the simulation containing more fine classes performing 
slightly better.  
Varying ash particle nonsphericity (runs 7 and 8) produced moderate agreement for a 
nonsphericity of 0.7 (Δ = 0.500) but had poor agreement with field data for nonsphericity of 0.4 
(Δ = 0.711). Poor agreement was also observed in run 4, which used a plume source (Δ = 0.747), 
and runs 1 (Δ = 0.993) and 2 (Δ = 0.995) in which MFR was varied. The poor agreement of runs 
1, 2, and 4 indicates that the values of parameters varied in these simulations were not realistic to 
the eruption. 
3.3.2 Validation of modeled areal extent of ash plumes 
The eruptions on April 2 and 4 provide for MODIS retrievals of areal plume extent and 
AOD, because the optically bright volcanic plumes passed over the dark ocean surface of the 
Gulf of Alaska. The eruption on April 2 was not a violent event, but produced continuous low-
level ash emissions for several hours on that day (Table 3.1). The OMI reveals the presence of 
UV-absorbing aerosols in the region east to southeast of the volcano (Fig. 3.3a). 
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Figure 3.3:  (a) OMI AI on April 2 showing UV absorbing aerosol moving southeast of Mt. 
Redoubt. (b) Terra MODIS coarse AOD at 550 nm on April 2 at 20:55 UTC. Coarse aerosol is 




N east to southeast of the volcano. (c) Modeled ash AOD at 500 
nm from low-level emissions on April 2 at 21:00 UTC. Ash is located roughly above 58
o
N and is 
moving east of the volcano. 
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 Retrievals of Terra MODIS coarse AOD at 20:55 UTC also show an aerosol plume located east 
to southeast from the volcano (Fig. 3.3b). The MODIS coarse AOD within this plume ranged 
from 0.01 - 1.30, and the mean was 0.3. The model predicted a plume positioned more east of the 
volcano, with less of a southerly component in the trajectory (Fig. 3.3c). Modeled AODs ranged 
from 0.01 - 0.52, with a mean of 0.08. Discrepancies in plume location and extent can be 
attributed to problems with resolution of wind fields. A horizontal resolution of 210 km was 
likely too large to capture smaller scale dynamics of ash transported through areas of rugged 
mountain terrain. If volcanic ash is only present roughly above 58
o
N in the MODIS image, as is 
the case for the modeled AODs, the range of coarse mode AOD in this region of the plume is 
0.01 – 1.1, with an average of 0.1, which agrees better with the model. 
On April 4, there was a large, discrete explosion at 13:58 UTC (event 19), followed by 
low-level ash emissions throughout the remainder of the day [Carlile and Nelson, 2009; Table 
3.1]. Elevated values of OMI AI indicate that UV-absorbing aerosols are present southeast of the 
volcano, over the Gulf of Alaska, and east to northeast of the volcano, over Alaska (Fig. 3.4a). 
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Figure 3.4:  (a) OMI AI on April 4 showing UV absorbing aerosol traveling southeast of Mt. 
Redoubt. (b) Terra MODIS coarse AOD at 550 nm on April 4 at 22:20 UTC. Coarse aerosol is 
located southeast of the volcano. (c) Modeled ash AOD at 500 nm from event 19 at 22:00 UTC. 
An optically thick ash plume is shown east to southeast of the volcano, further away than plumes 
detected by MODIS and OMI. (d) Modeled ash AOD at 500 nm from low-level emissions on 
April 4 at 22:00 UTC, which displays an ash plume with about the same optical thickness as the 
MODIS image and in a similar location to plumes in both MODIS and OMI images. 
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 Coarse AOD retrieved from Terra MODIS at 2220 UTC shows coarse aerosol southeast of the 
volcano, having AODs ranging from 0.02 - 0.86 and a mean of 0.19 (Fig. 3.4b). Modeled AODs 
of event 19 revealed an extremely optically thick plume with maximum AODs in the 30s, which 
had moved far to the east of the aerosol detected by MODIS at 2220 UTC (Fig. 3.4c). 
Meteorological clouds, which are typically not thicker than a few kilometers, can also have high 
optical depths which are comparable to, and can even exceed, those modeled for the 13:58 UTC 
eruption [Hahn et al., 2001]. Therefore, it is reasonable that a freshly erupted volcanic plume 
with a thickness of several kilometers would have large AODs similar to meteorological clouds. 
However, because of the placement of the plume at 22:20 UTC and the much higher AODs 
compared to MODIS AODs, we believe the aerosol observed in the MODIS image was produced 
by the low-level emissions which occurred after event 19. Modeled AODs from the low-level 
emissions ranged from 0.01 – 1.38, with an average of 0.13, and produced a plume in a similar 
location to the aerosol detected by MODIS at 2220 UTC (Fig. 3.4d). The general agreement 
between plumes detected by satellites and modeled plumes is a good indication that the model is 
capable of reproducing the areal extent of ash deposits from this eruption. 
3.4 Assessment of areal extent and amount of deposited ash 
3.4.1 Modeled deposit loading fields and associated uncertainties 




, which was 
quantified by multiplying the area of one pixel in the model by the number of pixels with ash 
loadings greater than 0 gm
-2
 at the end of the simulations. Loadings ranged from ~3000 gm
-2
 
near the vent to < 0.1 gm
-2
 in the northern-most deposits, with trace amounts falling near 
Fairbanks, ~ 550 km north-northwest of Mt. Redoubt  (Fig. 3.5).  
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Figure 3.5:  Events 2-4 run 0 summed loadings in gm
-2
. Mt. Redoubt is marked by a brown 
triangle. Alaskan cities are denoted by purple squares. The circles are field sampling locations 
from Schaefer and Wallace [2012], and colors represent the associated percent error between 
modeled and measured values at those locations. 
 
Lower levels of loading may occur over a wider region but were not resolved [Bonadonna et al., 
2011]. Ash was deposited in both the Alaska and Talkeetna Mountain Ranges. Deposits covered 
the towns of Skwentna, Talkeetna and McGrath, and the western edge of deposits reached to 
Sleetmute, ~ 270 km northwest of the volcano. A secondary maximum in ash loading is observed 
north of the volcano near McGrath and occurs where loading values increase again to ~ 50 – 100 
gm
-2
. There are no sampling sites located in this region, so it is difficult to determine if this is a 
true feature of the deposits. Secondary maxima are often attributed to the ash aggregation, or the 
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adhesion and coalescence of ash particles through hydrodynamic or electrostatic forces [Carey 
and Sigurdsson, 1982; Telling et al., 2013]. However, no aggregation processes were considered 
in the model. Here, the secondary maximum could be an artifact potentially caused by the size 
bins used in the initial size distribution. Mastin et al. [2013] found that the secondary maximum 
in event 5 modeled deposits disappeared upon dividing the initial size distribution into more size 
bins. However, if the secondary maximum was an artifact due to size binning, it might be 
expected to appear in deposit loadings for other eruptions, but it does not. 




, and loadings ranged from ~ 4000 
gm
-2
 near the vent, to ~0.1 gm
-2





Figure 3.6:  Event 5 run 0 loadings in gm
-2
. Mt. Redoubt is marked by a brown triangle. 
Alaskan cities are denoted by purple squares. The circles are field sampling locations from 
Schaefer and Wallace [2012], and colors represent the associated percent error between modeled 
and measured values at those locations. 
 
Deposits reached Skwentna (~ 180 km northeast of the volcano) and reached McGrath (~ 310 km 
north-northwest of the volcano). Although event 5 was the best sampled event, it is still not 
sufficiently sampled to discern the entire extent of the deposits from these points. 




, with loadings ranging from 
~3000 gm
-2 
near the source to <0.1 gm
-2
 at the furthest extents of the deposits (Fig. 3.7).  
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Figure 3.7:  Event 6  run 0 loadings in gm
-2
. Mt. Redoubt is marked by a brown triangle. 
Alaskan cities are denoted by purple squares. The circles are field sampling locations from 
Schaefer and Wallace [2012], and colors represent the associated percent error between modeled 
and measured values at those locations. 
 
Deposits covered the cities of Homer, Kenai, Anchorage, and Skwentna, and the southeastern 
most deposits reached Seward (~190 km away). The northwestern deposits covered Sleetmute. 
Fig. 3.8 displays a MODIS true color image of the north to north-northwestern deposits, which 
agrees with the modeled extents for these deposits. The image is obscured by clouds so that the 
farthest extents in other directions cannot be seen. 
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Figure 3.8:  MODIS Terra true color image on March 24 at 21:00 UTC. Ash deposits are 
outlined in red. 
 
Uncertainties in modeled deposit loadings were assessed in order to bracket a realistic 
range of total cumulative loadings. Percent errors between samples measured from each site and 
modeled data at that location are presented for each eruption in Fig. 5 – 7. For events 2 – 4 and 6, 
percent errors were overall higher than those for event 5 because much of the information needed 
to model these events was unavailable and therefore derived from the event 5 best-fit case. In 
general, the simulations have difficulty reproducing loadings for sample points located farther 
from the vent, as in event 5 (Fig. 3.6). Schaefer and Wallace [2012] reported that loadings at the 
northern most sampling points for event 5 were ~10 gm
-2
, an order of magnitude lower than our 
modeled values. Mastin et al. [2013] and Steensen et al. [2013] both employed Eulerian models, 
Ash3d and WRF-Chem, and used similar model setups to simulate event 5. Mastin et al. [2013] 
and Steensen et al. [2013] had similar difficulty with reproducing sufficient loadings at points 
located furthest from the volcano for many simulations. In all studies, model disagreement with 
 80 
observations could be due to field measurement errors, resulting from difficulties in separating 
ash from different events [Schaefer et al., 2012; Wallace et al., 2013], ash aggregation effects not 
accounted for in the models, or problems with wind field resolution through areas of higher 
elevation. Wind fields may also have not been resolved enough to capture small scale motion 
between sample points, as the points located furthest from the vent were only ~300 km away and 
the horizontal resolution was 210 km. 
An examination of Δ values with distance from the volcano for event 5 showed that run 0 
is the best case simulation for points near the vent, 16 – 18 km away (Fig. 9).  
 
Figure 3.9:  Event 5 simulations with three part Δs:  near vent region (60.65 N to 60.63 N and 
152.60 W to -152.76 W, 16 km – 18 km from the volcano), intermediate region (61.05 N to 
61.56 N and -152.46 W to -153.07 W, 61 km - 120 km), and far region (62.39 N to 63.07 N and  
-150.32 W to -152.64 W, 212 – 300 km). 
 
However, run 7 (with nonsphericity = 0.7) yields a much better agreement with samples 
measured far (210 – 300 km) from the volcano. Therefore, total loadings for events 2 - 6 for runs 
















near intermediate far 
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range of loading values, based on uncertainties existing between modeled and field data (Fig. 
3.10).  
 
Figure 3.10:  Total loadings (gm
-2
) of events 2-6 were computed as the average of the 
cumulative total loadings for runs 0 and 7. Uncertainties in model loadings were calculated as the 
log10 of the standard deviation. Mt. Redoubt is marked by a brown triangle, and cities are 
denoted by purple squares. The gray vertical line represents the cross-section over which spatial 
and temporal deposit gradients were examined. 
 
Incorporating this uncertainty range, the total cumulative deposit loadings varied from ~7000 ± 
3000 g/m
-2
 near the vent to <0.1 ± 0.002 gm
-2
 on the outskirts of the deposits. Deposits from 




 and stretched hundreds of kilometers in all 
directions from the source. 
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3.4.2 Spatial and temporal gradients of total deposit loadings 
The vertical line drawn from Mt. Redoubt and extending ~ 600 km north in Fig. 3.10 
denotes a cross-section of the region of most overlap in deposits from each event. This line was 
constructed to investigate the contributions of each of events 2 – 6 to the total deposit loading, as 
well as the timescales important for the deposition of ash from these short “puff” events. The 
contribution of each event to the total cumulative loading for events 2 – 6 are shown in Fig. 3.11.  
 
Figure 3.11:  Gradients of total ash loadings for events 2 – 6 and total cumulative loading for 
all events, calculated for the cross-section drawn in Figure 9. 
 
In this cross-section, event 5 contributed most to the total loading from 0 – 200 km, followed by 
events 3, 4, 6, and 2. Event 6 contributes comparatively little ash despite having one of the 
highest maximum loadings because the cross-section did not include the areas of highest loading 
for this event. Cross-sectional loadings for events 2, 5, and 6 fall to ~ 1 gm
-2
 at distances greater 


























4 fall to ~ 10 gm
-2
 around 200 km and increase again to ~ 40 gm
-2
 around 250 km. This indicates 
that events 3 and 4 are the main contributors to the secondary maximum observed in Fig. 3.5.  
  Total deposit loading histories along the cross-section line shown in Fig. 3.10 are 




Figure 3.12:  Temporal gradients of ash loadings from event 2 (a), event 3 (b), event 4 (c), 
event 5 (d), and event 6 (e) for a cross-section drawn in Figure 9. Each curve shows the loading 
along the cross-section at a number of hours after the onset of the eruption. Times for which the 
loadings were the same were omitted. The purple curve represents the last time for which the 
loading changed, or the time for all ash from the eruption to settle out along the cross-section. 
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Times were computed as the number of hours lapsed after the onset of the eruption. Times for 
which the loading gradients overlap are not shown. The last time plotted in each figure denotes 
the time at which the loading gradient does not change with subsequent time steps. This time is 
the number of hours required for the total deposit to form and represents the timescale over 
which deposition occurred along the cross-section for the particular eruptive event. Events 2 – 4 
(Fig. 3.12a – c) all had similar times for all ash to accumulate, ~ 11 – 12 hours. These events 
occurred in short succession of one another and had similar plume heights and MFRs, but the 
duration of event 2 was much shorter. The shorter duration led to smaller amounts of ash in the 
atmosphere than produced by events 3 and 4, which took an hour less to fully settle out. Each of 
events 2 – 4 also exhibited a secondary maximum, which developed ~ 200 – 400 km from the 
vent around 9 hours after each of the eruptions.  
Event 5 (Fig. 3.12d) occurred a few hours after the conclusion of event 4, and had a 
larger plume height and MFR. Despite having similar durations as events 3 and 4, event 5 
deposited all ash along the cross-section in ~ 5 hours. This is likely due to changing 
meteorological conditions around the volcano throughout the day, as evidenced by ash from 
events 2 – 4 being transported much farther north and dispersed over a wider area than ash from 
event 5 (Fig. 3.5 and 3.6). Meteorological conditions also lead to the more westerly direction of 
ash transport and deposition field for event 6 (Fig. 3.7). Event 6 had a similar duration, plume 
height, and MFR to event 5, yet the time for all ash to settle out along the cross-section was 
significantly longer, ~ 17 hours (Fig. 3.12e). This longer settling time can likely be attributed to 





To our knowledge, there have been no studies on radiative impacts of volcanic ash 
deposits in the Arctic, despite their potential to be regionally very important. In order to 
determine changes in surface reflectivity caused by ash deposited on ice and snow, loading fields 
and areal extents of deposits must first be characterized. The 2009 eruption of Mt. Redoubt was 
chosen as a case study because of extensive deposits reported from this eruption by the AVO and 
documented early snowmelts caused by ash deposits unto ice and snow by Schaefer et al. [2012]. 
We assessed the areal extents and loadings of ash deposits from the eruption of Mt. Redoubt 
using a VATDM, which allowed for treatment of the source conditions of the eruption. Our 
approach constrained best-fit model parameters of a well-studied event to estimate parameters 
for other ash depositing eruptive events.  The Fall3D simulations were validated against satellite 
data and field measurements. Satellite retrievals were often impaired by cloudy conditions and 
high surface reflectivities, which are common to the Arctic in late winter and early spring. To 
test the ability of the model to reproduce areal extent, additional eruptive events which 
transported plumes over dark ocean surfaces were selected and compared to satellite 
observations.  
Modeled ash plume extent and deposit loadings showed overall good to moderate 
agreement with satellite and field data. Discrepancies in modeled and measured loadings tend to 
be larger farther from the vent, which could indicate issues with wind field resolution or 
processes, such as ash aggregation, not considered in the model. The range of uncertainties and 
corresponding range in loadings would be expected to produce large variations in surface albedo 
changes due to ash deposition. This must be considered in assessments of radiative forcing. 
Modeled loadings were particularly sensitive to MFR, ash particle nonsphericity, and plume 
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source type.  The model had an intermediate to low sensitivity to particle size distribution, and 
low sensitivities were observed for horizontal diffusion coefficients and Suzuki source type. 
Eruptive events produced significant loadings of deposited ash that covered large areas. 




 was produced from events 2 - 6. Total 
cumulative deposit loadings ranged from ~7000 ± 3000 g/m
-2
 near the vent to <0.1 ± 0.002 gm
-2
 
on the outskirts of the deposits. Spatial gradients in total ash deposit loading revealed the 
contributions of each event to the total loading along a cross-section. Temporal gradients of total 
ash deposit loading showed that fallout time along the cross-section for each event ranged from 
~5 – 17 hours. Our deposit loading results suggest that ash from a series of short duration “puff” 
events can produce significant deposits hundreds of kilometers from the volcano that are 
important on a regional level. 
It must be stressed that while ash dispersion models may produce good overall larger 
scale agreement, there are still problems capturing smaller scale dynamics, on the order of tens 
of kilometers. However, these models are absolutely essential for calculations of the radiative 
impacts of ash deposition in the absence of sufficient satellite and field data. Because of the 
persistent cloudiness, highly reflective surfaces, and the remoteness of the Arctic region, this 
approach would be necessary for a large number of Arctic volcanic eruptions. Future work will 
address the need for better constrained eruption-specific model input parameters, particularly 
those for which the model is highly sensitive (i.e., MFR, source type, and nonsphericity of ash 




SURFACE RADIATIVE IMPACTS OF ASH DEPOSITS FROM THE 2009 ERUPTION 
OF MT. REDOUBT 
 
4.1 Introduction 
The climate of the Arctic region is especially sensitive to perturbations in the regional 
radiative energy budget [e.g. Curry et al. 1996, Alexeev 2007].   An important modulator of 
Arctic radiation climate is the presence of aerosols [Shindell, 2007], both natural and 
anthropogenic. The radiative effects of smoke, dust, and haze in the Arctic have been well-
studied [e.g. Stone et al., 2007, 2008; Quinn et al., 2008], but the impacts of volcanic aerosols on 
the Arctic environment have largely been ignored [Young et al., 2012]. Compared to the more 
predictable seasonal frequencies of the occurrences of smoke, dust, and haze, volcanic eruptions 
in the Arctic occur unexpectedly and quite frequently. As of October 2013, there are ~ 4 
volcanoes currently erupting and ~ 10 volcanoes experiencing unrest above 55
o
N 
(http://www.volcano.si.edu/). Although the durations and intensities of eruptions can vary, 
volcanic eruptions have the capacity to be long duration (months to years [Simkin and Siebert, 
1994]) and high intensity events, expelling large amounts of ash and gases into the atmosphere.  
Young et al. [2012] calculated a range of radiative effects that can be expected for a 
plume from a typical mid-sized Arctic eruption and compared the magnitudes of the effects to 
those for plumes of the other aerosols types typical to the Arctic environment.  It was found that 
volcanic plumes with compositions rich in ash have magnitudes of forcing which are much 
higher than those for other aerosol types under the same environmental conditions [Young et al., 
2012].  
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The radiative importance of volcanic ash in the Arctic is expected to be magnified, 
because surface deposits can remain long after a volcanic plume has passed over and dissipated. 
In addition, the Arctic is the second largest desert in the world. As such, little snowfall would 
cover ash deposits, although winds could scatter them, reducing their surface loadings. 
Deposition of solar absorbing particles, such as soot, dust and volcanic ash, has been shown to 
alter surface albedo and cause early snowmelts, which can have profound impacts on the 
regional climate and hydrologic cycle. Additionally, ash fall is capable of increasing the amount 
of diffuse radiation available to plants. In the Arctic, the raditive impacts of surface dust [Painter 
et al., 2010] and soot [Flanner et al., 2007] deposits have been studied, but to our knowledge, 
the surface radiative impacts of volcanic ash deposits from an Arctic eruption have never before 
been considered.  
 The 2009 eruption of Mt. Redoubt in Alaska, USA (60.49 N, 152. 74 W) was selected as 
a case study because it produced extensive ash deposits that stretched hundreds of kilometers in 
all directions from the volcanic source [Schaefer et al., 2012; Young et al., 2014] and was 
associated with early snowmelt [Schaefer et al., 2012]. According to the Alaska Volcano 
Observatory (AVO), Alaska experiences on average two volcanic eruptions per year. The 2009 
eruption of Mt. Redoubt was considered a mid-sized volcanic eruption. Small to mid-sized 
volcanic eruptions occur more frequently in the Aleutian arc and provide an intermittent source 
of ash and gases to the environment than larger eruptions.  
This paper assesses a range of surface albedo change and radiative forcing due to ash 
deposition that can be expected from a mid-sized volcanic eruption, using the ash loading fields 
reported for the 2009 eruption of Mt. Redoubt in Young et al. [2014]. We assess the hydrological 
importance of this eruption by making estimates of snowmelt amounts, and we compare the 
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calculated surface albedo change and radiative forcing,to other depositional events associated 
with different aerosol types.  
4.2  Methodology 
The SNow, ICe, and Aerosol Radiation model (SNICAR) [e.g., Flanner and Zender, 
2005, 2006; Flanner et al., 2007] was employed to calculate the solar albedo change and net 
radiative flux fields at the surface produced by total cumulative ash deposits from the major land 
depositing events from the March 2009 eruption of Mt. Redoubt in Alaska, USA (Table 4.1).   








2 3/23/2009 7:02 
3 3/23/2009 8:14 
4 3/23/2009 9:38 
5 3/23/2009 12:30 
6 3/24/2009 3:40 
 
The SNICAR model allows the user to choose from different two-stream approximations, and a 
multi-layer solution from Toon et al. [1989], to solve the plane parallel radiative transfer 
equation for multiple layers in snow. In allowing for multiple layers, the model can address the 
vertical differences in snow and impurity properties. This work utilizes a hemispheric mean two-
stream approximation Toon et al. [1989], because other approximations can give unphysical 
results in the near-infrared. Therefore, the hemispheric mean was deemed more appropriate for a 
larger variety of situations, including calculating shortwave broadband albedos. The model 
requires solar zenith angle (SZA) and underlying surface spectral or monochromatic reflectance, 
snow layer properties (i.e., snow layer thickness, snow density for each layer, and snow effective 
radius), and impurity properties (i.e., particle mass mixing ratios, effective radius, and refractive 
index).   
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 A monochromatic underlying surface reflectance of 0.25 was used to simulate snow 
cover on dry grass [Coakley, 2002]. At approximately 60
o
N, the highest SZA for a day in mid 
March is 55
o
.  A lower SZA of 75
o
 was chosen to represent a middle point between the highest 
and lowest daily sun angles. Solar fluxes for a clear sky in Greenland were used to compute 
direct-beam incident fluxes [Mark Flanner, personal communication]. Daily snow layer 
thickness from the Natural Resources Conservation Service’s (NRCS’s) SNow TELemetry 
(SNOTEL) for Alaskan sampling stations were used to estimate snow layer thickness and Snow 
Water Equivalent (SWE) for the entire deposit region.  Snow density was computed from SWE 
data. A snow depth of 1 m and a snow density of 190 kg m
-3
 were used. Effective snow grain 
size radius can range from 50 – 1100 µm [Painter et al., 2003], with older snow having larger 
grains.  Profiles of snow effective radius for the region and times of the eruption were not 
available. Therefore, a snow grain radius of 100 µm was selected to represent newer snow, and a 
radius of 1000 µm was selected to simulate aged snow. Optical properties of snow from Warren 
et al. [2006] were used.  
 Ash deposit particle mixing ratio fields (in ppb by mass) were determined from total 
cumulative ash deposit loading fields taken from Young et al. [2014] for the entire period of 
major land-depositing events (March 23 and 24), listed in Table 4.1. In this study, spherical ash 
particles produced better agreement, except in locations that were ≥ 210 km from the volcanic 
vent.  In these regions, particles with nonsphericity = 0.7 produced loadings that agreed better 
with field data. Therefore, we used loading fields produced by spherical particles for locations < 
210 km and loading fields of particles with nonsphericity = 0.7 for locations ≥ 210 km. The 
effects of loading variations on modeled integrated solar albedo are discussed. The Fall3D 
volcanic ash dispersion and transport model (VADTM) [Folch et al., 2009; Costa et al., 2006] 
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was used in a setup similar to that of Young et al. [2014] to produce spatial and temporal fields of 
deposited ash median radius and standard deviation.   
The optical properties of the ash were computed according to Mie theory for a lognormal 
particle distribution, using total cumulative deposited ash mean effective radii and standard 
deviation fields calculated from Fall3D and the spectral refractive indices for andesitic ash 
[Pollack et al., 1973].  Although consideration of nonspherical particles is an important part of 
determining total cumulative ash deposit loadings [Young et al., 2014], only spherical particles 
were considered in calculating the optical properties of ash. This is because the single scattering 
properties of nonspherical particles in radiative flux calculations are well-approximated using 
spheres [Fu et al., 2009]. Only aerosol-sized ash particles (radius ≤ 50 µm) were considered in 
this study. This is because the larger sized ash particles, are minor in abundance and confined to 
areas very close to the vent. 
In the SNICAR model, ash was deposited on top of the snowpack. Some regions did 
experience new snowfall on top of the ash layer [Schaefer and Wallace, 2012]. However, the 
areas and locations over which this occurred are not reported. Although initially ash deposits 
might be blanketed by new snow, ash is a hydrophobic particle and will therefore not be 
incorporated into deeper layers of the snowpack, even as the snow melts.  Rather, ash will be 
concentrated at the surface as the melt water trickles through the snow matrix, straining the ash 
out at the top layer of the snowpack. All of the ash in this study is concentrated in the first 
centimeter of the snowpack. Winds could be an issue in blowing and dispersing ash initially, but 
after some melting has occurred, the particles become wetted and adhere to the snow [Schaefer et 
al., 2012]. Therefore, the blanketing of ash deposits by snow and the dispersion of deposits by 
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wind were not considered here in assessing a range of radiative impacts from a typical mid-sized 
Arctic eruption. 
Snowmelt estimations were made using the restricted degree-day radiation balance 
approach described in Melloh [1999]: 
M = r Td + mQ Fnet, SW                                                                                                     (4.1) 
Where M is the snowmelt (cm day
-1








Td the daily mean temperature over 24 hours (
o
C day), mQ a physical constant converting 






, and Fnet SW the net solar surface 
radiation (W m
-2
). Values of Td were taken from SNOTEL and Fnet SW was calculated by the 







, throughout the snowmelt period. According to Kustas et al. [1994], low 
values of r occur when low relative humidity increases latent heat loss due to evaporation. 







4.3 Results and Discussion 
 The median radius by mass for all sizes of ash particle deposits decreases with distance 
from the volcanic vent (Fig. 4.1a) and is comparable to the mass median radii of deposits 
measured by Mastin et al. [2013] for this eruption at four points located at various distances from 

















































Figure 4.1: (a) Mass median radius for all particle sizes (b) standard deviation for all particle 
sizes (c) fraction of ash deposits that are aerosols (≤ 50 µm). The last contour in all plots 
corresponds to a loading of 0.1 g m
-2
, as in Young et al. [2014]. 
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Table 4.2:  Measured and modeled mass median radius for all particle sizes at four distances 
north of the volcanic vent. 
Distance (Km) Mass median radius (µm) 
Mastin et al. [2013] 
Mass median radius (µm) 
Modeled with Fall3D 
218 ≤ 31 15.75 – 31.25 
120 ≤ 31 31.25 
29 125 62.5 
12 1000 250 
 
The median radii from Mastin et al. [2013] are similar to those modeled at the same distances, 
except for at the closest distance to the vent (12 km), where the measured radius is an order of 
magnitude larger than the modeled radius. This discrepancy may be due to the effect of particle 
aggregation occurring near the vent, which is not accounted for in the Fall3D model. Fig. 4.1b 
displays the standard deviation of the deposit size distribution, which decreases with increasing 
distances from the vent. As larger sizes are removed and the number of size bins decrease, the 
spread of the distribution also decreases moving towards the outskirts of the deposits. The 
fractions of ash that are in the aerosol size range are shown in Fig. 4.1c.  The aerosol size 
fraction is carried further than larger sizes, and therefore the ratio of aerosol ash increases with 
distance from the vent. The median radii for only ash sizes ≤ 50 µm are shown in Fig. 4.2, and 
were used in optical modeling.  
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Figure 4.2:  Median radius fields for ash radii ≤ 50 µm. 
Note that the median radius did not vary much because of comparatively few size bins in this 
range, and the spread for the distributions was small and approached zero.  This is a direct result 
of the discrete size bins, and in nature, more spread would be expected. 
 In order to calculate the albedo change caused by ash deposits, the albedos of pure snow 
for the selected snow grain size radius and SZA must first be calculated using SNICAR.  At a 
SZA of 75
o
, the solar integrated albedo is 0.8476 and 0.7394, for grain sizes of 100 µm and 1000 
µm, respectively. Coarser-grained, older snow is optically darker, because the radiation must 
travel through a greater optical depth of snow to get the same amount of extinction, increasing 
the probability of a photon being absorbed [Flanner et al., 2007].  
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The albedos computed for ash deposits are subtracted from albedos of pure snow to 
obtain the change in albedo caused by the deposits. Reductions in integrated solar albedo for a 
snow grain size of 100 µm are shown in Fig. 4.3a and range from 0.4969 closest to the vent to 
0.0023 on the outskirts of the deposits, around a loading of 0.1 g m
-2
.   
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Figure 4.3:  Reductions in solar broadband albedo for (a) ash deposits on new snow (median 
radius = 100 µm) (b) ash deposits on old snow (median radius = 1000 µm). Note that Fall3D and 
SNICAR are not coupled, so fields were drawn based on calculations made at several points, 
which are denoted by circles. 
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ppb, respectively. Because the median radius over which optical calculations were performed did 
not vary much across the deposits, the optical properties of the aerosol-sized ash deposits were 
similar across much of the region. Therefore, much of the variation in the albedo reduction fields 
is due to the ash loading, making loading assessments a key player in these analyses. Solar 
integrated albedo reductions for 1000 µm snow grain size are displayed in Fig. 4.3b. These 
values vary from 0.6293 closest to the vent to 0.0029 on the outskirts of the deposits. The large 
snow grain size and the increasing amounts of ash moving closer to the vent amplify the 
reduction in albedo. This causes the larger changes in albedo that occur further from the vent in 
Fig. 4.3b when compared to Fig.4.3a. 
There were no satellite observations of albedo for deposits from this eruption, because 
bright surfaces and clouds were a constant issue for retrievals.  No field measurements of albedo 
were made. Citizen scientists did document and photograph the extent of ash deposit coverage in 
their areas, as in Fig. 4.4, taken from Schaefer et al. [2012].  
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Figure 4.4: Documentation of ash coverage in Skwentna, AK (61.9 N, 151.25 W) from Schaefer 
et al. [2012]. 
 
Figure 4.4 was taken at Bentalit Lodge, near Skwentna (61.9 N, 151.25 W), and shows complete 
coverage of the surface by ash. Based on this photograph, it is expected that albedo change 
would be significant for this region.  Significant albedo reductions are observed in Fig. 4.3a and 
b near Skwentna. 




 ppb, and 
integrated solar albedo reductions of ~ 0 – 59% for new snow and ~  0 – 85% for old snow. 
Some typical concentrations of black carbon in snow are ~ 5 – 50 ppb corresponding to a 
spectrally averaged albedo reduction of ~1 – 3% [Clark and Noone, 1985; Warren and 
Wiscombe, 1985]. Although black carbon would be expected to be more absorbing than volcanic 
ash for a similar particle size and concentration, the extreme loadings and larger particle sizes 
that can be present from a mid-sized volcanic eruption produce albedo changes that dwarf those 
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due to black carbon. Integrated solar albedos for volcanic deposits in Antarctica were reported by 
Dadic et al. [2013]. It was found that for a range of concentrations between ~ 1 – 1x10
6
 ppb of 
ash in snow, the albedo reduction was ~ 0 – 37 % for clear sky conditions. The largest deposit 
concentration in Dadic et al. [2013] was two orders of magnitude smaller than the largest deposit 
concentration reported here, either because Dadic et al. [2013] was only considering ash located 
a greater distance from the volcanic source, or the eruptions which produced the ash were of a 
smaller scale. At an ash concentration of 2.8 x 10
7
 (~ 200 km from the vent), we calculate an 
albedo reduction of ~37% for new snow, which is similar to what Dadic et al. [2013] computed 
as the largest albedo reduction for the highest ash concentration. However, these studies are not 
directly comparable, because deposit concentrations from Dadic et al. [2013] also included all 
ash sizes, while this study only focuses on aerosol-sized ash deposits. Hence, the albedo changes 
for this study would be expected to be even more extreme if calculated in the same manner as 
Dadic et al.[2013], further demonstrating the capabilities of mid-latitude eruptions to 
significantly alter surface albedo. 
Shortwave surface net flux fields are shown in Fig. 4.5 and are defined as the difference 
between incoming and outgoing surface shortwave radiation.  
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Figure 4.5:  Daily mean surface solar net fluxes in Wm
-2
 for (a) ash deposits on new snow 
(median radius = 100 µm) (b) ash deposits on old snow (median radius = 1000 µm). Note that 
Fall3D and SNICAR are not coupled, so fields were drawn based on calculations made at several 
points, which are denoted by circles. 
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The shortwave surface net fluxes for pure snow are 38.1 Wm
-2
for new snow and 65.2 Wm
-2
 for 
aged snow. The net fluxes associated with ash deposits on snow ranged from 38.7 – 162 Wm
-2
 
for new snow and 65.9 – 222 Wm
-2
 for aged snow. Since these values were all computed at a 
mid SZA, they can be viewed as daily averages.  As a comparison to similar work, Skiles et al. 
[2012] calculated springtime daily mean forcings for dust deposits on snow in Colorado to be ~ 
35 – 70 Wm
-2




 ppb, respectively.  When 
forcings for ash deposition from this eruption are calculated using the method put forth in Skiles 
et al. [2012], minimum forcing values due only to the direct effects of ash deposition onto snow 
range from ~ 0 – 96 Wm
-2
, from the outmost deposits to the vent. 
All calculations were done for total deposits from each eruptive event listed in Table 4.1. 
However, one can hypothetically consider the effects of surface darkening due to ash fallout of a 
passing plume, such as for the plumes from Young et al. [2012], and how this would be expected 
to change the shortwave radiative effects caused by the plume. The decreased surface albedo due 
to ash deposits will cause a reduction in upwelling surface radiation, which will decrease 
multiple scattering between the surface and the plume and cause less absorption and less 
warming of the plume. The plume will also start to absorb less radiation because it is continually 
losing ash and will begin to scatter more radiation, which combined with the darkening of the 
surface, will lead to less warming at the top of the atmosphere. 
Total snowmelt was calculated from shortwave surface net fluxes. It should be noted that 
ash deposit thicknesses for these events totaled to < 1 cm. This is important because layers in 
excess of 2.4 cm tend to insulate rather than melt the snow [Lipman and Mullineaux, 1981]. 
According to equation 4.1, snowmelt starts to occur when the average daily surface temperature 
warms to above 0
o
C, which normally occurs at the end of March to early - mid April, according 
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to SNOTEL. If snowmelt is calculated at 0
o
C, this will represent a lower bound on snowmelt 
amount and will quantify the melt that would be produced initially by radiative heating alone. 
This melting would cause further reduction in snow albedo, leading to increases in Fnet,SW and 
surface temperature, which would cause more snowmelt. Fig. 4.6 shows snowmelt fields for ash 




Figure 4.6:  Snowmelt rate in cm day
-1
 for calculated for Td = 0
o
C (a) ash deposits on new snow 
(median radius = 100 µm) (b) ash deposits on old snow (median radius = 1000 µm). Note that 
Fall3D and SNICAR are not coupled, so fields were drawn based on calculations made at several 
points, which are denoted by circles. 
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It is noted that for this time of year, the snow is more likely to be aged. The snowmelts ranges for 
new snow were ~ 1.0 – 4.2 cm day
-1
 with the highest snowmelt near the vent and the lowest 
value at the edges of the deposits.  For old snow, the ranges were ~1.8 – 5.8 cm day
-1
. Pure snow 
at 0
o
C melts at a rate of ~ 1.0 for new snow and ~ 1.8 cm day
-1 
for old snow. Therefore, no 
significantly accelerated snowmelts are expected on the outskirts of the deposits. However, for 
areas of higher ash loadings/concentrations, daily melt rates are significantly higher (~ 220 – 
320%) because of volcanic ash deposits. Many of the highest concentrations were found in 
mountainous areas where snow would be expected to melt later in the year. Early and accelerated 
snowmelts can be expected to lead to depletion of runoff in later months and shortages of water 
resources Qian et al. [2009].  
4.4  Conclusions 
The results presented here demonstrate the importance of volcanic ash deposits from mid-
sized eruptions on surface albedo and snow melt. The SNICAR model was used to calculate a 
range of albedo change, forcing, and snowmelt that is expected for ash deposits unto snow and 
ice from a mid-sized Arctic eruption, using the 2009 eruption of Mt. Redoubt as a case study. 




 ppb, with higher 
values closer to the vent and lowest at the edge of the deposits, and integrated solar albedo 
reductions of ~ 0 – 59% for new snow and ~  0 – 85% for old snow. These albedo reductions are 
much larger than those typical for black carbon, because of the larger loadings involved, but are 
on the same order of magnitude as those reported for volcanic deposits in Antarctica. The surface 
shortwave forcings associated with ash deposits on snow ranged from 0 – 96 Wm
-2
 from the 
outmost deposits to the vent. The snowmelt ranges at 0
o
C were ~ 1.0 – 4.2 cm day
-1
for new 
snow, and ~1.8 – 5.8 cm day
-1
 for old snow. There were no significantly accelerated snowmelts 
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calculated for the outskirts of the deposits. However, for areas of higher ash 
loadings/concentrations, daily melt rates are significantly higher (~ 220 – 320%) because of 
volcanic ash deposits.  
Although these calculations have been done for a mid-sized eruption, there have been 
notable larger eruptions in the Arctic’s past (e.g. Laki, 1783 and Nova Erupta-Katmai, 1912). It 
may be that larger eruptions would tend to deposit enough ash to insulate the snow rather than 
melt it. This would make ash deposits from mid-sized volcanic eruptions a major agent of 
deposit-induced snowmelt in the Arctic, as their loadings close to the vent can cause greater 
albedo reductions than other aerosol types, but the loadings are typically not so great to insulate 
the snow.  
Future studies will include improving ash loading estimates and the acquisition of 
eruption-specific snow and ash properties for the SNICAR model. Because of the lack of satellite 
data that is often problematic for this region due to the presence of clouds and the high surface 
reflectivity, field measurements of albedo change and snow ablation rates would be very useful. 
If traveling to the field is not possible, conditions could be simulated on a smaller scale in the 
lab. In addition, the radiative calculations done here could be made more sophisticated with 
coupling volcanic eruption source conditions, transport, and deposition, along with the SNICAR 
model, to a General Circulation Model (GCM), which would allow for the calculation of global 
effects, if any. We could also consider vegetation fraction and the surface emissivity change 
caused by ash deposits on snow in future runoff calculations. Clouds are often present in the 
Arctic, and their effects on the radiative impacts in the presence of volcanic ash deposits should 
be investigated in the future. The effects of volcanic ash deposition on other types of 
environments might also be considered, these include glaciers at lower latitudes (e.g. in the 
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Andes) and in Antarctica, where Mt. Erebus is currently erupting.  Since the Antarctic is more 





5.1 Dissertation Summary  
In Chapter 2, we used a satellite-integrated approach to investigate the radiative impact 
of volcanic aerosols in the Arctic. In general, environmental factors can govern both the sign 
and magnitude of the direct aerosol radiative forcing, direct aerosol radiative forcing 
efficiency and heating/cooling rates. The ability of environmental conditions to change 
whether an aerosol layer will contribute to warming or cooling at TOA and the surface is 
especially significant when considering the Arctic region, where surfaces vary from ocean to 
snow, and seasons dramatically shift the amount of incoming solar radiation.  
Our results demonstrate a potential for volcanic aerosol to provide a sizeable contribution 
to the radiative effects and even exceed the impacts other types of aerosol when significant 
proportions of volcanic ash are present, as in young volcanic plumes. Therefore, volcanic 
aerosol, although sporadically present, can have a significant radiative impact in the region.  
In Chapter 3, we assessed the areal extents and loadings of ash deposits from the eruption 
of Mt. Redoubt using a volcanic ash transport and dispersion model, which allowed for treatment 
of the source conditions of the eruption. Our novel approach constrained best-fit model 
parameters of a well-studied event to estimate parameters for other ash depositing eruptive 
events.  The simulations were validated against satellite data and field measurements.  
Modeled ash plume extent and deposit loadings showed good to moderate agreement 
with satellite and field data. Modeled loadings were particularly sensitive to mass flow rate, ash 
particle nonsphericity, and plume source type.  The model had an intermediate to low sensitivity 
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to particle size distribution, and low sensitivities were observed for horizontal diffusion 
coefficients and Suzuki source type. 
Eruptive events produced significant loadings of deposited ash that covered large areas. 




 was produced from events 2 - 6. Total 
cumulative deposit loadings ranged from ~7000 ± 3000 g/m
-2
 near the vent to <0.1 ± 0.002 gm
-2
 
on the outskirts of the deposits. Our deposit loading results suggest that ash from a series of short 
duration “puff” events can produce significant deposits hundreds of kilometers from the volcano 
that are important on a regional level. 
In Chapter 4, the snow, ice and aerosol radiation model was used to calculate a range of 
albedo change, forcing, and snowmelt that is expected for ash deposits unto snow and ice from a 
mid-sized Arctic eruption, using the 2009 eruption of Mt. Redoubt as a case study. The results 
show concentrations of ash in snow range from ~ 6.9x10
4
 –  1x10
8
 ppb, with higher values closer 
to the vent and lowest at the edge of the deposits, and integrated solar albedo reductions of ~ 0 – 
59% for new snow and ~  0 – 85% for old snow. These albedo reductions are much larger than 
those typical for black carbon, because of the larger loadings involved, but are on the same order 
of magnitude as those reported for volcanic deposits in Antarctica. The surface shortwave 
forcings associated with ash deposits on snow ranged from 0 – 96 Wm
-2
 from the outmost 
deposits to the vent. There were no significantly accelerated snowmelts calculated for the 
outskirts of the deposits. However, for areas of higher ash loadings/concentrations, daily melt 
rates are significantly higher (~ 220 – 320%) because of volcanic ash deposits. These early and 




5.2 Implications for future research 
In Chapter 2, we saw that plume specific factors influence the magnitudes of direct 
aerosol radiative forcing, direct aerosol radiative forcing efficiency and heating/cooling rates. 
The compositions, thicknesses and aerosol optical depth of volcanic plumes vary greatly and are 
in many cases difficult factors to constrain. The development of multiphase models [Dufek and 
Bergantz, 2007; Neri et al., 2007] to study eruption dynamics may assist in creating better 
microphysical models for volcanic ash and have the capacity to be modified to treat the 
formation and transport of other volcanic aerosols, such as sulfates and ice. The deployment of 
balloons with particle counters attached would help to study the evolution of size distributions. 
Other plume related simplifications that are often made in radiative transfer modeling which 
need to be addressed include:  the partitioning of volcanic aerosol types at different altitudes, the 
nonsphericity of ash, and sulfate, water, and/or ice coatings of ash.  
In this study, clouds hampered satellite retrievals in many instances.  Because of the 
important radiative effects of volcanic aerosols in the Arctic reported for this study, we 
recommend that volcanic aerosols be included in future assessments of the Arctic regional 
radiation budget to facilitate efforts in understanding the radiative impacts of natural aerosols on 
the Arctic environment. 
 In Chapter 3, we highlighted the need for better constrained eruption-specific model input 
parameters, particularly those for which Fall3D was highly sensitive (i.e., mass flow rate, source 
type, and nonsphericity of ash particles). This will provide more accurate ash deposition 
estimates. Discrepancies in modeled and measured loadings tend to be larger farther from the 
vent, which could indicate issues with wind field resolution or processes, such as ash 
aggregation, not considered in the model. Aggregation models, such as the one developed by 
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Telling et al. [2013], should be incorporated in volcanic ash dispersion and transport models. 
Additionally, the process of comminution, which is the breakup of particles due to collisions, is 
not considered. Comminution is likely very important in the initial conduit, where particle 
densities and energies are very high and more bounce events between particles occur than 
aggregation events [Dufek et al., 2012]. 
In Chapter 4, we identified that loading of ash and the optical properties of ash and snow 
were important to radiative calculations. Future studies will include improving ash loading 
estimates and the acquisition of eruption-specific snow and ash properties for the radiative 
modeling. Though the calculations here have been done for a mid-sized eruption, there have been 
notable larger eruptions in the Arctic’s past (e.g. Laki, 1783 and Nova Erupta-Katmai, 1912). It 
would be interesting to consider what effects these eruptions would have on albedo and 
snowmelt. It may be that larger eruptions would tend to deposit enough ash to insulate the snow 
rather than melt it. This would make ash deposits from mid-sized volcanic eruptions a key player 
in producing deposit-induced snowmelt in the Arctic, as their loadings can cause greater albedo 
reductions than other aerosol types close to the vent, but the loadings are typically not so great to 
cause insulating of the snow. Because of the potential of ash deposits to alter the hydrologic 
cycle of the Arctic, it is important that the albedo reduction due to the deposition of volcanic ash, 
along with the deposition of other absorbing aerosols, be considered in Arctic warming 
mitigation strategies.  
Acquiring satellite data in this region is often problematic, due to the presence of clouds 
and the high surface reflectivity. Therefore, field measurements of albedo change and snow 
ablation rates would be very useful. If traveling to the field is not possible, conditions could be 
simulated on a smaller scale in the lab. In addition, the radiative calculations done here could be 
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made more sophisticated with coupling volcanic eruption source conditions, transport, and 
deposition, along with the snow, ice, and aerosol radiation model, to a global circulation model, 
which would allow for the calculation of global effects, if any. We could also consider 
vegetation fraction and the surface emissivity change caused by ash deposits on snow in future 
runoff calculations. Clouds are often present in the Arctic, and their effects on the radiative 
impacts in the presence of volcanic ash deposits should be investigated in the future. The effects 
of volcanic ash deposition on other types of environments might also be considered, these 
include glaciers at lower latitudes (e.g. in the Andes) and in Antarctica, where Mt. Erebus is 
currently erupting.  Since the Antarctic is more pristine than the Arctic, volcanic ash may be the 
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